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ABSTRACT

This thesis describes the synthesis and characterization of optically active polyanili
its derivatives. The novel optically active emeraldine salts PAn.(+)-or (-)-HCSA and
PAn.(-)-HCSA were prepared as dark green films via the enantioactive
electropolymerization of aniline in the presence of (+)-or (-)-HCSA, respectively. The
two films PAn.(+)- or (-)-HCSA and PAn.(-)-HCSA exhibited strong mirror imaged
C D spectra. This was rationalised in terms of the polyaniline chain adopting a helical
structure in which one screw-sense is preferentially maintained depending on which hand
of the C S A " anion is incorporated.
The electrochemically synthesised chiral polyanilines were characterized using
electrochemical techniques such as cyclic voltammetry, electrochemical quartz
microbalance, and resistometry. Different electrochemical techniques could be employed
for the electrosynthesis of the polymers, namely potentiostatic, potentiodynamic and
galvanostatic polymerization, giving films with similar chiroptical, electrochemical and
mechanical properties.
Dedoping and redoping of the optically active emeraldine salts PAn.(+)-HCSA were
studied using both cyclic voltammetry and chemical ( N H 4 O H ) methods. Interestingly,
replacement of the (+)-CSA" anion by either Cl" or (-)- C S A " did not significantly alter
the C D spectrum of the films, indicating that the initial macroasymmetry of the polymer
chains is maintained during these treatments.
The optically active polyanilines PAn.(+)- or (-)-HCSA and PAn.(-)-HCSA were also
generated chemically in solution by the enantioselective acid doping of neutral emeraldine
base (EB) with either PAn.(+)- or (-)-HCSA in various solvents such as N M P , D M S O ,
D M F and C H C I 3 . Dark green films of these optically active polyaniline have also been
obtained by casting onto glass from the above acid doped solutions in various solvents.

VI

Related optically active polytoluidines were similarly chemically synthesised in solution

via the acid doping of neutral polytoluidine with either (+)- or (-)- camphorsulfonic
in the solvents such as DMSO, and DMF. In all cases mirror-image circular dichroism
spectra were obtained when the (+)- or (-)- CSA" anions were incorporated.

These chiral conducting polyanilines were then studied as modified electrodes on glas
carbon. Compounds such as K3[Fe(CN)6], 2, 6- anthraquinone disulfonic acid
disodium salt were found to undergo normal redox behaviour on these modified

electrodes. Cyclic voltammetry studies also showed that citraconic acid could be reduc
on these electrodes. However, attempts to achieve the asymmetric reduction of this
prochiral substrate via electrolysis were unsuccessful, presumably due to the high

resistance of the polyaniline at the potential required for the reduction. However, th

electrochemical oxidation of methyl-p-tolyl sulfide to the corresponding sulfoxide co

be carried out via electrolysis at this chiral modified electrode, giving a small degr
chiral induction.
Chiral polypyrroles have been similarly synthesised by incorporating (+)camphorsulfonate or (+)- bromo-camphorsulfonate as the chiral counterions. The
electrochemical behaviour, as well as morphology and tensile strength of the PPy.(+)-

CSA" obtained was examined, as well as their use as chiral modified electrodes for the
electrochemical reduction and electrolysis of some simple compounds such as
K3[Fe(CN)6], 2, 6- anthraquinone disulfonic acid disodium salt and citraconic acid.

Finally, the ability of chiral membranes made by depositing PAn.(+)-HCSA on either

polysulfone or polyvinilidine flouride to discriminate between the enantiomeric forms
CSA" has been explored. These membranes were found to transport (+)-CSA"
considerably more readily than (-)-CSA', suggesting that they have potential for the
separation of the enantiomeric forms of chiral anions.
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ABBREVIATIONS
A

ampere

A"

anion

Ag/AgCl

silver/silver chloride reference electrode

AQSA

2, 6- anthraquinone disulfonic acid disodium salt

ASTM

American Society for Testing and Materials

Aux. E.

auxiliary electrode

BAS

Bio-Analytical Systems

Br-HCSA

(+)-3-bromocamphor- 10-sulfonic acid.

c-

counterion

°C

degree Celsius

CA

chronoamperogram

CD

circular dichroism

cm

centimetre

CP

chronopotentiogram

CPS

chiral stationary phase

CR

cyclic resistometry

CV

cyclic voltammetry

DMF

N , N dimethylformamide

DMSO

dimethylsulfoxide

E

potential

Eapp

applied potential

EC

electrochemical

Ep

peak potential

Epa

anodic peak potential

Epc

cathodic peak potential

EQCM

electrochemical quartz crystal microbalance

F

oscillation frequency of a quartz crystal electrode

AF

frequency changes

g

gram

HCSA

camphorsulfonic acids

HPLC

high performance liquid chromatography

hr

hour

Hz

hertz

I

current

ip

peak current

ipa

anodic peak current

ipc

cathodic peak current

IR

ohmic drop

M

molar

mA

milliampere(s)

min

minute

MPTS

methyl-p-tolyl sulfide

mV

millivolt

Am

mass changes

n

number of electron

NMP

1 -methyl-2-pyrrolidinone

PAn

polyaniline

PPy

polypyrrole

Q

charge

R. E.

reference electrode

RVC

reticulated vitreous carbon

sec

second

S

conductivity (S/cm)

S/cm

Siemens per centimetre

SEM

scanning electron micrograph

TBATFB

tetrabutylammonium tetraflouroborate

XI
W. E. working electrode

u

micro

xn
TABLE OF CONTENTS
ACKNOWLEDGMENTS
ABSTRACT
PUBLICATIONS
ABBREVIATIONS
CHAPTER 1 1
GENERAL INTRODUCTION
1.1. CHIRALITY
1.2. TYPES OF CHIRALITY

1.3.

1.4.
1.5.

1.6.

1.2.1. Central chirality
1.2.2. Planar chirality
1.2.3. Axial Chirality
1.2.4. Helical chirality
I N S T R U M E N T A T I O N F O R M E A S U R I N G OPTICALLY
ACTIVITY
1.3.1. Rotation
1.3.2. Specific Rotation
1.3.3. Optical Rotatory Dispersion(ORD)
1.3.4. Circular Dichroism (CD)
I M P O R T A N C E O F CHIRALITY
C H I R A L SEPARATION
1.5.1. Chiral Stationary Phases for HPLC, GLC and TLC
1.5.2. Chiral polymers
1.53. Helical Synthetic Polymer Phases
A S Y M M E T R I C E L E C T R O C H E M I C A L SYNTHESIS
1.6.1. Chiral Supporting Electrolytes
1.6.2. Chiral solvents..
1.6.3. Chiral Electrode Surface-active Materials
1.6.4. Chemically Modified Electrodes

1.7. CONDUCTING POLYMERS
1.7.1. Mechanism of conductivity
1.7.2. Conducting Polymer Synthesis
1.7.3. Electrochemical Polymerisation
1.7.4. Factors influencing electrochemical polymerisation
1.7.4.1. Electroactivity of monomers
1.7.4.2. Different polymerisation techniques

IV
V
VII
IX

1
2
3
3
3
3
4
5
5
5
6
6
9
12
13
13
14
15
16
17
18
18

21
22
23
23
25
25
25

xm
1.7.5. Electrochemical polymerisation of aniline

25

1.7.6. Chemically synthesised conducting polyaniline

27

1.7.7. Solubility of conducting polymers

28

1.7.8. Characterization of conducting polymers

29

1.7.8.1. Electrochemical characterization

29

1.7.8.2. Electrochemical quartz crystal microbalance ( E Q C M )

30

1.7.8.3. Resistometry

31

1.7.8.4. Uv-visible spectroscopy

31

1.7.9. Applications of conducting polymers

32

1.7.9.1. Rechargeable batteries

32

1.7.9.2. Electrochromic devices

32

1.7.9.3. Catalysis

33

1.7.9.4. Use of conducting polymers as modified electrodes

33

1.8. CHIRAL CONDUCTING POLYMERS
1.8.1. Chiral polypyrroles

34
35

1.8.1.1. Chiral N-substituted polypyrroles

35

1.8.1.2. Polypyrroles with Amino acids substituted on 3position

36

1.8.1.3. Chiral polypyrrole composites
1.8.2. Chiral conducting polythiophenes (CCPTs)
1.8.3. Enantioselectivity of chiral conducting polymers

37
38
40

1.8.4. Solvatochromism and thermochromism in chiral conducting
polymers

1.9. AIM OF THE PROJECT

41

42

CHAPTER 2 43
ELECTROCHEMICAL SYNTHESIS OF CHIRAL
C O N D U C T I N G POLYANILINES
2.1. INTRODUCTION
2.1.1. The aim of this chapter
2.2. E X P E R I M E N T A L

43
44
46
46

2.2.1. Reagents and solutions
2.2.2. Electrochemical Instrumentation

46
47

2.2.3. Polymerization Procedures

49

2.2.3.1. Galvanostatic polymerization (Chronopotentiometry)

49

2.2.3.2. Potentiostatic polymerization (Chronoamperometry)

49

2.2.3.3. Potentiodynamic polymerization (Cyclic voltammetry)

49

XIV

2.2.4. Electrochemical characterisation of the

films

49

2.2.4.1. Cyclic voltammetry

49

2.2.4.2. Electrochemical Quartz Crystal Microbalance ( E Q C M )

50

2.2.4.3. Resistometry

50

2.2.5. Spectroscopic studies

50

2.2.5.1. Uv-visible spectra

50

2.2.5.2 Circular dichroism spectra

51

2.3. R E S U L T S A N D D I S C U S S I O N
2.3.1. Electropolymerization of aniline to form PAn.(+)- or (-)HCSA

51
51

2.3.2. Influence of polymerization conditions on the chiroptical and
electrical properties of the chiral
2.3.2.1. Potentiostatic polymerization

films

2.3.2.1.1. Influence of potential
2.3.2.1.2. Influence of charge consumed

56
58

2.3.2.2 Galvanostatic polymerization

60

2.3.2.3. Potentiodynamic polymerization
2.3.3. Electrochemical characterisation of polymers after growth
2.3.3.1. Cyclic Voltammetry (CV)
2.3.3.2. Electrochemical Quartz Crystal Microbalance
2.3.3.3. Cyclic Resistometry (CR)
2.3.4 De-doping/doping of chiral P A n . H C S A salts

65

67
68

2.3.4.1 De-doping/doping via cyclic voltammetry
2.3.4.2. Chemical doping/de-doping. Production of optically
2.4.

62
65

65

(EQCM)

active emeraldine base

56
56

films

CONCLUSIONS

CHAPTER 3 77
C H E M I C A L L Y SYNTHESISED CHIRAL POLYANILINE
3.1. INTRODUCTION
3.2. EXPERIMENTAL

68
71
75

77
78
78

3.2.1. Materials
3.2.2. Emeraldine base preparation

78
79

3.2.2.1. Procedure A

79

3.2.2.2. Procedure B

79

3.2.3. Solution preparation for uv-visible and C D spectral studies

80

3.2.4. Casting of films from solutions

80

3.2.5. Uv-visible and C D spectra

80

XV

3.2.6. Cyclic voltammetry 81
3.2.7. Preparation of free-standing films of polyaniline
3.2.8 Free-standing film characterization
3.2.8.1. Conductivity via four point probe method
3.3.

3.2.8.2. Tensile strength of films
RESULTS A N D DISCUSSION

81
81
81
83
83

3.3.1. Generation of optically active PAn.(+)-HCSA or PAn. (-)H C S A in solution

83

3.3.2. Solvent-mediated conformation changes in chiral polyaniline

88

3.3.3. Casting optically active PAn. H C S A films

95

3.3.4. Electrochemical properties of cast PAn.HCSA films
3.3.5. Free standingfilmsof PAn.(+)-HCSA
3.4. C O N C L U S I O N S

100
100
101

CHAPTER 4 103
SYNTHESIS OF OPTICALLY ACTIVE POLYTOLUIDINE
C A M P H O R S U L F O N I C ACID A N D POLYANILINE W I T H
O T H E R CHIRAL ANIONS
4.1. INTRODUCTION
4.2 EXPERIMENTAL
4.2.1. Materials
4.2.2. Preparation of the neutral base forms of poly(o-toluidine) and
poly(m-toluidine)
4.2.3. Electropolymerizations
4.2.4. Acid doping of neutral poly(o-toluidine) and poly(m-toluidine)
4.2.5. Casting of films from doped solutions
4.2.6 Acid doping of emeraldine base (EB) with (+)-3-bromocamphor10-sulphonic acid
4.2.7. Acid doping of emeraldine base(EB) with tartaric acid
4.3.

4.2.8. Spectroscopic and electrochemical studies
R E S U L T S A N D DISCUSSION
4.3.1. Chiral polytoluidines
4.3.1.1. Electrochemical synthesis

103
104
107
107
107
108
108
108
109
109
109
109
109
109

4.3.1.2. Doping of neutral polytoluidine base with (+)- or (-)HCSA
4.3.2. Other optically active PAn.HA salts
4.4.

CONCLUSION

114
118
123

XVI

CHAPTER 5 125
E L E C T R O O R G A N I C REACTIONS O N OPTICALLYACTIVE POLYANILINE MODIFIED E L E C T R O D E S
5.1. INTRODUCTION
5.2. EXPERIMENTAL

5.3.

125
126
127

5.2.1. Reagents and materials

127

5.2.2. Preparation of polyaniline

127

5.2.3. Electrochemical behaviour

127

5.2.4. Electrolyses

127

5.2.5. Instrumentation

128

5.2.6. Membrane transport studies
RESULTS A N D DISCUSSION

129
130

5.3.1. Electroreduction

130

5.3.1.1. Electrochemical reduction of K3[Fe(CN)6] and A Q S A

130

5.3.1.2. Electrolysis of K3[Fe(CN)6] and A Q S A on a PAn.(+)H C S A electrode
5.3.1.3. Electrochemical reduction of citraconic acid
5.3.1.4. Electrolysis of citraconic acid
5.3.1.5. Electrochemical studies of acetylpyridine
5.3.1.6. Electrolysis of acetylpyridine
5.3.2. Electrooxidation
5.3.2.1. Mechanism of oxidation of methyl-p-tolyl sulfide
5.3.2.2. Electrochemistry of methyl-p-tolyl sulfide

133
134
136
137
142
145
146
146

5.3.2.3. Electrochemical study of M P T S on a PAn. (+)-HCSA
modified Pt electrode

151

5.3.2.3.1. Polymerisation technique

151

5.3.2.3.2. Cyclic voltammograms of M P T S on PAn. (+)-

5.4.

H C S A modified Pt electrode
5.3.2.3. Electrolysis of M P T S on PAn.(+)-HCSA modified Pt
electrode

151
153

5.3.2.4. Product analysis

156

5.3.3. Transport across the polyaniline membrane

158

CONCLUSIONS

161

xvn
CHAPTER 6
ELECTROCHEMICAL SYNTHESIS,
CHARACTERISATION AND APPLICATION OF
POLYPYRROLE CAMPHORSULFONATE AND RELATED
POLYMERS
6.1. INTRODUCTION

163

6.1.1 Aim of this chapter
6.2. E X P E R I M E N T A L
6.2.1. Materials
6.2.2. Instrumentation
6.2.2. Procedures
6.3. R E S U L T S A N D D I S C U S S I O N
6.3.1. Polymer synthesis
6.3.1.1. Galvanostatic Growth
6.3.1.2. Potentiostatic Growth
6.3.2. Effect of potential applied on polymer growth
6.3.3. Electrochemical behaviour of new polymers
6.3.4. Circular dichroism characterisation of
films
6.3.5. Membrane synthesis and characterisation
6.3.5.1. Mechanical properties and morphology of PPy.CSA
films
6.3.6. Electrochemical studies of K3[Fe(CN)6], A Q S A and citraconic
acid on PPy.(+)-CSA-coated electrodes
6.3.6.1. Electrochemical reduction of K3[Fe(CN)6]
6.3.6.2 Electrolysis of K3[Fe(CN)6]
6.3.6.3. Electrochemical reduction of 2,6-anthraquinone
disulphonic acid disodium salt ( A Q S A )
6.3.6.4. Electrolysis of A Q S A
6.3.6.5. Electroreduction of citraconic acid
6.3.6.6. Electrolysis of citraconic acid
6.3.6.7. Product analysis
6.4. C O N C L U S I O N S

166
167
167
167
167
168
168
168
170
171
172
175
176

163
164

177
180
180
182
185
187
187
190
190
192

CHAPTER 7 194
GENERAL CONCLUSIONS

194

REFERENCES

199

CHAPTER 1
GENERAL INTRODUCTION

2

1.1. CHIRALITY

Chirality and associated optical activity is a significant characteristic of many synth
and most biological organic compounds. Chemicals that exist in two mirror forms that
are not superimposable are called chiral (Greek: cheir, hand). These two mirror image
forms of a chiral molecule are termed enantiomers (Greekienantio, opposite).

In early 1911, Arago [1] discovered that a quartz plate produced unequal rotation value
for different radiations, and later Biot and Fresnel showed that the rotatory power of

optically active medium increases with decreasing wavelength of the incident light [1].

the middle of the 19th century Louis Pasteur found that racemic (50: 50 mixture of L an
D enantiomers) ammonium formed tartarate two types of crystals, which were nonsuperimposible mirror images of each other. He separated the two types of crystals by
hand. He subsequently observed that when plane polarized light was passed through an

aqueous solution of one type of crystal, the plane of polarization of the transmitted l

was rotated clockwise. This form was labelled (+)- tartaric acid. In contrast the other
form namely (-)- tartaric acid, rotated the plane of polarized light anticlockwise. He

inferred that optically inactive racemic acid was composed of equal amounts of (+)- and
(-)- tartaric acid [2,3].

With this discovery and later observations, pasteur realized that the chemistry of life
preferred handedness. He came to view handedness as one of the clearest distinctions
between living and dead matter and ultimately proclaimed it to be a profound fact of

nature that went far beyond the chemistry of life and he inferred that nature is asymme
[2,3].

3

1.2. T Y P E S O F C H I R A L I T Y
1.2.1. Central chirality

When a tetrahedral atom is attached to four different groups such as in glycera
central chirality results. The two enantiomers of glyceraldehyde are shown below.

CHO

H

\\\*v

T

OHC

OH

X

HO'

H

HOH.C

CH2OH
(+)-glyceraldehyde

"//III
,

(-)-glyceraldehyde

1.2.2. Planar chirality
Planar chirality results from the disappearance of a plane of symmetry through one or
more modification of the molecules. For example, tricarbonyl (1,2-disubstituted arene)
chromium complexes have planar chirality and can be resolved into their individual
enantiomers.
Y
X
Cr(CO),

1.2.3. Axial

< $ -

—

X

Cr(CO) 3

(CO)3Cr

Chirality

Axial Chirality results from a chiral distribution of substituents around an ax
include restricted rotation about single bonds caused by bulky substituents X and Y on
biphenyl derivatives.

4

Y X

*

X Y*
a- disubstituted biphenyls

1.2.4. Helical chirality
"Helicity (screw sense ) is a geometric structural property by which the arrangement of
atoms in molecules can be described as a combined rotation and transition process" [4].
Centro-chiral and planar chiral molecules can be also considered as helical (helicity
around a point and plane or axis). C a h n et al [5] described and defined the helix as
follows: A helix is characterised by a helical sense, a helical axis and a pitch(ratio of
axially linear to angular properties). Thus helicity is a special case of chirality, because it
implies two additional properties. A model helix is defined by its screw sense and its
pitch. If the radius is constant it is a cylindrical helix, if it changes constantly a conical
helix exists. A palindrome helix is characterized by constant pitch. In general a helix
with a right handed screw sense is symbolised by P (plus) and a left handed helix by M
(minus) [5]. Examples include proteins and D N A .

cylindrical helices

5
1.3. INSTRUMENTATION FOR MEASURING OPTICALLY
ACTIVITY.
1.3.1. Rotation

The optical activity of a specific medium is attributed to the fact that it has differen

indices of refraction for left and right circularly polarised light, which means that th
speed of left circularly polarized light through the medium is different from the speed

right circularly polarized light [1,2]. This difference in refractive indices is expresse
Fresnel's equation (1.1),
K
c c = — (n L -n R )

1.1

where cc is the rotation of the plane of polarization in radians per unit length, X is t
wavelength of the incident light, and nL and nR are the indices of refraction for both
components of the polarized light.

1.3.2. Specific Rotation
In classical polarimetry, the specific rotation,

[CC]D,

of a substance is defined by e

1-2,

a
[oc]D=—
l.c

1.2

where a is the rotation of the plane of polarisation at 589 nm (sodium D-line) expressed

in degrees; 1 is the length of the cell, expressed in decimeter; and c is the concentrati
the substance expressed in gram per milliliter of solution.

The molecular rotation (<D), defined in equation 1.3, is a more suitable unit, since
comparison is then possible on a mole-for-mole basis:

„- oc.M.W

[0] =

1.3
100

6

where M W is the molecular weight of the optically active substance.

1.3.3. Optical Rotatory Dispersion(ORD)
The variation of optical activity with wavelength gives an optical rotatory dispersion
curve. Cotton, at the end of the last century, observed [1] that optically active
compounds s h o w an abnormal behaviour of their rotatory power in the region where an
absorption band appears. This behaviour, referred to as the Cotten Effect, involves the
rotation changing sign at the wavelength of an absorption m a x i m u m .

1.3.4. Circular Dichroism (CD)
The most sensitive and powerful method for the measurement of the chiroptical properties
of chiral molecules is circular dichroism (CD). This is defined as the difference (Ae) in
the molar extinction coefficients for left and right circularly polarised light passing
through a sample of the compound (6, 7), equation 1.4.

Ae = EL-ER 1.4

Figure 1.1 shows different forms of light: (a) unpolarized light, (b) linearly polarized
light, (c) left circularly polarized light, and (d)rightcircularly polarized light, as viewed
with the light travelling toward the observer's eye. Schematic side views of (e) linearly
polarized, (f) left circularly polarized and (g) right circularly polarized light propagated in
the x direction are also shown. Left circularly polarized light (c) travels along a lefthanded helix (f) and right circularly polarized light (d) travels along a right handed helix
(g).
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(a)

(b)
i^bv
^ -

^^J

(d)

(c)

-*

•J3»

C\f^

D w

Figure 1.1. Different forms of light (Manipulated

ref. 8).

In circular dichroism (CD) the two physical properties of chirality and absorption prov
the information necessary for qualitative and quantitative determination, respectively, via
the change in the molar absorptivity ( E L - £ R ). A E is called circular dichroism and in all
commercially available "dichrographs" the difference in absorption for the two opposite
handed helical rays is recorded. The C D spectrum exhibits a band in the region of an
electronic transition for the absorption of left (L) and right (R) circularly polarized light
by the chiral compound. If left circularly polarized light is absorbed to a greater extent
than right circularly polarized light, (EL > £ R ) , the difference curve A E V S X is positive
(AE>0

) and is called a positive circular dichroism ( C D ) Cotton Effect. W h e n right

circularly polarized light is absorbed to a greater extent than left circularly polarized light
(£R > E L ) , a plot of A e vs X gives a negative C D curve ( A E < 0 ) called a negative Cotton
Effect. In general, w h e n A E > 0 or A E < 0 , the compound exhibits circular dichroism, and a
plot of A e vs X constitutes its C D spectrum.

For a quantitative calculation of circular dichroism the Beer-Lambert-Bouguer law A =
log (Io /1) = £cl is used, in which A is absorption, Io is the intensity of light entering the
cell, and I the intensity leaving. In an optically active m e d i u m two absorptions can be
recorded, one for left and one forrightpolarized light, i.e. A R = log (IQ / I R ) and A L =
log (Io / II)-

T h e intensities I Q R and I Q L on entrance clearly are equal and any
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dichrograph sees changes in the light absorbed by the medium while oscillating between
left and right circular polarization.

AA = AL-

AR

= log (Io / IL) - log do /

IR)

= log (IL /

IR)

1.5

AA = £LC1- ERCI = Ae c 1 1.6

A£ = AA/cl = log(lL/lR)/cl 1.7

As seen from equation. 1.7, Io does not appear in the final equation, so there i
for a reference beam. Therefore, C D instruments are of the single beam type.

The general arrangment of a CD spectrophotometer is shown in Figure 1.2 below. Th
light source must be more intense than the usual tungsten or deuterium lamps because of
the loss of radiant power on polarization and the need to make the signal -to- noise ratio
as large as possible. A 500 W X e lamp is usually used as the source, which must be
water cooled. The instrument compartments must also be purged with dinitrogen gas to
remove ozone produced, which is detrimental to the optics. The monochromator is
actually a double monochromator in order to keep stray light to an absolute minimum.
The detector is a regular photomultiplier tube.

Figure

1.2. Conventional

CD

spectrophotometer

Unpolarized light; M, Monochromator;
Pockels Cell; LCP

: S, light source;

UL,

P, Polarizer; PL, Polarized light; PC,

and RCP, Left and right circularly polarized light beams,

respectively; SC, Sample cell; CR, Chart recorder (Manipulated ref.6. a).
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1.4. IMPORTANCE OF CHIRALITY
It is now well established that many molecules in nature possess chirality, including

amino acids, carbohydrates, hormones, proteins and nucleic acids [9]. A high proportion

of chemicals important to the pharmaceutical and agricultural industries are also chira
Enantiomeric compounds have identical properties in relation to their interaction with
non-chiral reagents. Their physical properties (e.g. melting point, boiling point,

solubilities and partition coefficient in different phases) are all identical. However,

can be distinguished from each other by observation of their effects on plane polarized

light. Equimolar solutions of two separate enantiomers rotate the plane of polarization
plane polarized light by equal amounts, but in opposite directions. The enantiomer

causing a right handed ( clockwise) rotation is the dextrorotatory (d)- or (+)- isomer,
while that causing a left handed (anticlockwise) rotation is the laevorotatory (1)- or
isomer.

Enantiomers also behave differently to each other in chiral environments, such as the
body. Because of this, the issue of chirality in the pharmaceutical and agricultural
industries has grown in importance. A well publicized example is the drug thalidomide
which was employed in the 1950's as a sedative for women during pregnancy. Like
many chiral drugs, it was administered as a racemic mixture. Unfortunately, while one
enantiomer had the desired sedative effect, the other was found to be teratogenic and

embryo toxic, leading to serious birth defects [10]. The structure of (+)- and (-)- for
of thalidomide are shown in Figure 1.3.

10

A
H

'

H

Thalidomide
Right hand,— Hypnotic

Left hand,— Causes birth defects

H 2 COCNH2

HJNCOCHJ

HCO.

>v^C02H

H' H2N

NH2 VH
Asparagine
(S)- bitter taste (R)-sweet taste

Carvone
(S) -caraway flavour ( R) -spearmint flavour

9H

HO

Paclobutrazol
(2S, 3S) plan growth

(2R, 3R) fungicide
regulator

o-°-<

Me

F3C

*. //

CO^Bii

M

°V°-0-°^O

CF,

BuCOj

Fluazifop butyl
(S) inactive

(R) herbicide

Figure 1.3. Different properties of enantiomers.
Discrimination by biological systems between the two enantiomeric forms of chemicals is
also an important principle of odour/taste perception with food, perfumes and
pheromones [11]. For example, one enantiomer of the amino acid asparagine tastes
sweet, while the other tastes bitter [12] (Figure 1.3). Similarly, with the chiral
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compound limonene, one enantiomer smells of lemons while the other smells of oranges

[13]. When using chiral pesticides for crop protection, it has been noted that on

enantiomer may act as a repellent and the other as an attractant, with the resul
racemic mixture is inactive as a pesticide (Figure 1.3) [13].

Recent estimates [14] show that many of the most widely prescribed drugs contain

least one chiral centre, but 75-90% are marketed as a racemic mixture of enantiom
Table 1.1 shows only 12% are sold as a single enantiomer while 88% are sold as
racemates [15].
Table 1.1. Drugs in the marketplace (1990).
Type

Chirality

Natural and Semi-synthetic Non-chiral
28%

Chiral

H o w Sold
1%
99%

Single enantiomer 9 8 %
Racemate

Synthetic

72%

Non-chiral
chiral

2%

60%
40%

Single enantiomer 1 2 %
Racemate

88%

The 1994 worldwide market for enantiopure drugs has been estimated at around $45.2

billion [16]. There is an increasing demand for optically pure compounds in drug
and development processes [17], with the market for enantiopure drugs projected
by 9 % per year [16].

Over the last few years the impact of this issue on regulatory requirements, dev

time, development costs, chemical production costs and patent positions has becom

[18]. Recognition of the dangers (and economic waste) of employing both forms of

drugs has placed increased pressure on the pharmaceutical industry to develop ef

methods for the production of such chemicals in the one (desired) enantiomeric f
only. In recent years two approaches have been examined to obtain such
enantiomerically pure drugs:

(a) Chromatographic separation [19-21] of the two enantiomers from a racemic mix
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b) Direct asymmetric synthesis [22-24] of only one enantiomer.

It has become increasingly important that new and more efficient methods for the
synthesis of enantiomerically pure drugs be developed.

1.5. CHIRAL SEPARATION
Discrimination by a chiral stationary phase (CSP) between two enantiomeric chemicals is

generally considered to require "three point" molecular interaction, as first proposed b
Dagliesh [25]. This rule has recently been restated by Pirkle [19] as follows:

"Chiral recognition requires a minimum of three simultaneous interactions between the
CPS and at least one of the enantiomers, with at least one of the interactions being
stereochemically dependent".

The separation of enantiomeric mixtures is a very important part of analytical chemistry
The first separation of enantiomers was developed in 1849, when Louis Pasteur used
mechanical procedures (i.e. hand and eye). Subsequently in 1859, he used bacteria to
discriminate between enantiomers by selectively destroying one. At about that time Louis
Pasteur also used the addition of a chiral reagent to form two diastereoisomeric salts

which have different physical properties, to allow separation by fractional crystallisat
[25].
Henderson et al [26] later used the selective adsorption of camphor derivatives onto D-

lactose as a means of chiral discrimination. Partial resolution of optically active anil
dyes using wool was also achieved by Ignersoll [27]. During the early years of research

in this area, the usual approach to resolving different chiral forms was the introductio
an additional chiral centre to the molecules of interest, that is the preparation of
diastereoisomers with distinctly different physical properties.

More recently, resolution of enantiomers by gas chromatography was developed by Gil-

Av et al. [29]. using optically active stationary phases coated onto a capillary column .
Also, the separation of enantiomers was developed using readily available, naturally
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occurring chiral materials such as potato and starch [29]. The separation and analysis of
chiral compounds has been markedly enhanced in the last decade by dramatic n e w
developments in high performance liquid chromatography ( H P L C ) using stationary
phases derivatized with chiral reagents, such as those developed by Pirkle [19].

1.5.1. Chiral Stationary Phases for HPLC, GLC and TLC
The use of HPLC with chiral stationary phases is the most common current procedure for
enantiomer separations. A large number of different phases are commercially available;
all are fairly expensive and most of them have quite specific structure requirements for
successful enantiomer separation [30]. Helical synthetic polymers provide s o m e of these
chiral stationary phase materials. In the past few years other methods such as capillary
electrophoresis [31] and poly (amino acid )-derived membranes [32, 33] have been
developed.

1.5.2. Chiral polymers
Interest in chiral synthetic polymers has historically focused on modelling natural
polymers. Almost all naturally occurring polymers are chiral [34] and s o m e of them
exhibit important properties such as molecular recognition ability and catalytic activity
owing to their specific chiral structures. Nature takes advantage of the ready availability
of chiral m o n o m e r s such as amino acids and polysaccharides for the synthesis of
macromolecules. The synthetic strategy of polymerizing chiral monomers has enjoyed
considerable success, but suffers from limited availability and/or high expense.

In synthetic polymer chemistry one of the most challenging tasks is to construct
functional polymeric systems that will be as effective as those in living systems,
including chiral synthetic polymers [35]. The synthesis and analysis of stereoregular
polymers have been extensively studied since the discovery of the Ziegler-Natta catalysis
of alkene polymerization and the development of N M R spectroscopy. T h e relationship
between the optical activity of the polymer and its chain configuration has been discussed
by several researchers [35]. M a n y stereoregular polymers have a helical conformation in
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the solid state. However, polymers that maintain a stable helical structure in solution (as
do bio-macromolecules) are very rare, but are of great interest since they can display
optical activity due solely to the main chain conformation. They m a y be used as versatile
building blocks for the construction of novel chiral supramolecular architectures.

Interesting examples of synthetic helical polymers to date include polyisocyanides (1
polychloral (2) and polymethylmetacrylates (3) [36]. Such chiral polymers have been
extensively studied and have been utilized as chiral chromatographic phases (see section),
polymeric reagents and catalysts [34].
CH3

{>C=

a,

\ -ffH2-0f„ + '4*»
K

1
CC1 3

c=o
I

( 2 ) Ph— C —Ph
Ph

(3)
1.5.3. Helical Synthetic Polymer Phases
Chiral recognition by optically active synthetic polymers containing one helical hand is
often high, making them extremely effective as chiral stationary phases. For example,
using the one helical hand of materials such as poly-(triphenylmethyl methacrylate)
( T r M A ) and diphenyl-2 pyridylmethyl methacrylate ( D 2 P y M A ) (37), m a n y racemic
compounds such as hydrocarbons, esters, amides and alcohols have been resolved [3740].
Generally, racemic compounds with aromatic groups are well resolved on such
columns. Hydrophobic interactions between the polymers and the racemic compounds
seem to be important, because better separation is usually attained with a polar eluent
such as methanol, rather than with a nonpolar eluent [41] Problems with these chiral
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stationary phases include their discrimination ability, durability and tedious preparative
routes.

Despite the numerous phases now available it is still recognised that there is a major
for improved performance. Resolving power is still too low. This is a particular
problem for larger scale separations, since low resolving power makes scaling-up
difficult. There is also a need to develop phases which can be used with organic-free

eluents. This is particular important for separations in the biomedical area where orga

solvents may have a denaturing effect and samples are often only water soluble. Finally,

there is a need for a more universal chiral separation system. It is recognised that pr
systems are useful only for selected applications. These requirements suggest that a
stationary phase which can be tuned after synthesis may prove very useful in chiral
separations.

Recent experience in the area of conducting polymer stationary phases and membrane
materials suggests that such materials should go some way towards meeting the above
challenges in separating chiral molecules. It has been shown that chromatographic
stationary phases based on polypyrrole are inherently multimodal. It has also been
shown [42] that the nature of the interactions obtained can be adjusted by the
incorporation of appropriate counterions into polypyrrole or by the application of a
potential after/during the chromatographic separation [43, 44]. The hardware to enable
stationary phase preparation, as well as to enable potential control during
chromatographic separations, has been reported for HPLC [44], open column [45] and
thin layer chromatography [46].

1.6. ASYMMETRIC ELECTROCHEMICAL SYNTHESIS.
The use of asymmetric electrochemical synthesis for the preparation of optically active
materials was first reported three decades ago [47]. Several approaches for asymmetric

electrosynthesis have been suggested [48, 49] including: the use of chiral solvents [50
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chiral supporting electrolytes [51], chiral surface active materials (e.g. alkaloids) [52] and
chiral chemically-modified electrodes [53-55].

1.6.1. Chiral Supporting Electrolytes

The supporting electrolyte has an important role in electrochemical reaction phenome
including the preparation of optically active materials. Asymmetric synthesis by
electrochemical reduction in the presence of alkaloids has been summarised by Homer

al [51]. They described the effect of the chirality of the supporting electrolyte on

electrochemical reduction of acetophenone using (+)- or (-)- ephedrine hydrochloride

(I,.HC1), producing the optically active alcohols (4a) and (4b) or pinacol (5). The l

was produced in optically inactive form as it consists of a mixture of meso and racem
species (Scheme 1.1).

2e + 2H R- C H -CH(OH)-CH (4.2 % OP)
6 5
3
(-)-I, HCI
(4a)
CH3-C(OH) C 6 H 5

1/2

C 6 H5 — C — C H

o

(-)-I, HCI
or (+)-!, HCI

CH 3 -C(OH)C 6 H 5

(5)

Scheme

2e + 2H
• S-C6H5-CH(OH)-CH3
(+H,HC1
(4b)
1.1. Electrochemical reduction of acetylpyridine

(3.8 % O P )

The ratio of (4)/(5) depended on the supporting electrolyte, potential applied , cur

density, temperature, the solvent, the nature of the electrode materials and the pH o
electrolysis solutions.

Similar studies were carried out on the reduction of phenylglyoxylic acid by Ubault

[56] who reported that the optical purity of the alcohol product depended on the same
parameters as those reported above for acetophenone (Scheme 1.2). Kariv et al. (57)
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have performed studied the electrochemical reduction of acetophenone in the peresence of
quinine or quinidine. The optical yield of the alcohol can reach 1 5 % . Kopilov et al. [58]
have also studied the reduction 2-, 3- and 4-acetylpyridine as a function of p H and
solvent in the presence of different alkaloids. For 2-and 4acetylpyridine, high optical
-5
-3
yields were obtained for the product (6) in presence of 5 x 10 mol d m strychnine at
p H 4.5 in 1:1 water/ethanol as solvent [58].

L J\ " rf ^i OH
N

-a

+2e +2H+

^C—CH3

• l *L I*
N ^ ^ C — CH3

(6)

H

Scheme 1.2. Electrochemical reduction of acetylpyridine.

Schiffs bases have also been reduced by Horner et al [59] to the optically a
secondary amine (7) and the optically inactive hydrodimer (9) in the presence of alkaloids
(Scheme 1.3).

25 +2H

CH 3
|,

+

^\_>"T"^"R
™3
\

~

//

/

H

(7)

H

C = N— R
CH 3 CH3

+ e +H +

/=\

I _<

0~f

p O (8)

NH

NH

I

I

R

R

Scheme 1.3. Electrochemical reduction of Schiffs bases.
1.6.2. Chiral solvents

Electrochemical reduction of ketones such as acetophenone have been develope
this method as shown above in (Scheme 1.1) [50]. Alcohols (4) are formed by the
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transfer of two electrons and two protons at the cathodic electrode surface, whereas the
pinacols (5) are formed in the solution. The influence of current density and type of
chiral solvent on optical yield was reported. N o change was observed on variation of the
current density. However, m a x i m u m optical yield was obtained using DDB/pentane
(1:10) as solvent.

OCH3
CH3

CH3

1* ^N
f

CH3

/

H3C

OCH3
DDB

1.6.3. Chiral Electrode Surface-active Materials
In this method an alkaloid was used at the electrode surface. Grimshaw et al [47] have
reduced 4-methylcoumarin enantioselectively in the presence of yohimbine and sparteine,
due to strong adsorption of these alkaloids. Hazrad et al. [60] have similarly studied the
asymmetric electrochemical reduction of l-bromo-2,2-diphenylcyclopropane carboxylic
acid in the presence of different alkaloids. Schoo et al. [52] examined the influence of the
different alkaloids on the electro-reduction of 4-methylcoumarin and related coumarin.
They reported that the optimal conditions for the catalytic enantioselective reduction of 4methylcoumarin were a cathodic potential of-1.6 V, a p H between 2-3, electrolyte ( 4 1 %
methanol, 1.5 mol dm~3 LiCl, 0.1 mol dm~3 sodium citrate) and a catalyst concentration
of about 0.5 mol dm"3.

1.6.4. Chemically Modified Electrodes
In the last three decades the study of chemically-modified electrodes (CMEs) has been
one of the most attractive fields in electrochemistry. Fabrication of C M E s for various
applications have been reported. O n e of the potentially most important applications of
C M E s is their use for asymmetric electrosynthesis.

19

Thefirstexample of the use of an electrode chemically modified with an optically active
amino acid (L-phenylalanine) for asymmetric electrosynthesis was reported by Miller
[61]. Osa et al [63] have also used a Raney nickel powder electrode modified with

optically active tartaric acid for the electrochemical asymmetric reduction of hexanon
hexanol.

Nonaka et al have similarly developed asymmetric electro-reduction and -oxidation
reactions at poly (L-valine)-coated carbon electrodes [23, 24, 53 64, ]. Reduction of
citraconic acid (9), 4-methylcoumarin (10), acetophenone (11) as well as the oxidation

of the aryl alkyl sulfides (12) listed in Table 1.2, proceeded with chiral induction a
electrodes. The optical yield on oxidation and reduction was reported to be highly

dependent on the fabrication of the polymer layers [53, 65]. Optical yields were greatl

improved by using poly (L-valine) coated onto a polypyrrole film that was itself coated
on to the electrode surface by a derivatization method [54]. Ymagishi et al have also
reported the asymmetric electro-oxidation of phenyl alkyl sulfide on a clay-modified
electrode [66].
Although a number of studies have been carried out on asymmetric electrochemical

synthesis [65-69], there are still many problems to solve. Optical yields are often low

and the use of generally expensive and toxic alkaloids is not ideal. Similarly, the use

poly-valine-coated electrodes is expensive and the low coverage of chiral species on t
electrode surfaces is often a disadvantage. Overall, studies of asymmetric

electrosynthesis have been quite limited in contrast to the very extensive litrature o
conventional routes to asymmetric synthesis.
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Table 1.2. Electrochemical asymmetric synthesis [Data from refs. 52 66, an

67].
Reactant

Absol. config.

Product

%ee

H

H—C—COOR

H—C—COOR

II

I-

CH3— C—COOR

CH3—C—COOR
H

(9)
R =H

R(+)

35

R = CH3

R(+)

2.3

CH3

CH3

(10)

S(+)

47.4

R
S

0.7
6.7

s
s
s

2
77
20
31
15
0.5
0.3

H

Ph-C- •CH

o

Ph—C—CH

3

OH

(11)
R =H
R = Et

0
R-i

S

R2

II
— Re
Rf- S

(12)
R1 = CH3
Ri = i-Pr
R 1 = n-Bu
R1 = cyclo-C6H6
R1 = cyclo-C6H6
R, = CH 3 -Ph
Ri = CH 3 -Ph

R 2 = Ph
R2 = Ph
R 2 = Ph
R2 = Ph
R2 = Ph
R 2 = CH 3
R2= CH3

n.d.
R
n.d.
n.d.

As mentioned above, chiral polymers are widely used as chiral stationary phases (CSPs),

while poly-amino acid can be used to modify electrodes for asymmetric synt

principle, chiral conducting polymers could have the ability to be used as
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stationary phases (CSPs) and as chiral electrodes for asymmetric electrosynthesis. These

latter polymers offer potential advantages for separation and asymmetric electrosynthesi

technology, because they are relatively low cost materials, their synthesis is quite sim
(there is no need for special technology), and they can be deposited on various types of

substrate. A wide choice of molecular structure is available and it is possible to produc
films with different chemical and physical properties, including chirality.

1.7. CONDUCTING POLYMERS
During the past 25 years a new class of organic polymers has been devised with the

remarkable ability to conduct electrical current. The novel concept of plastics that can
fabricated into electrical wires, films and other shapes is fascinating and has brought
together scientists from traditionally different areas, such as chemistry (organic,

electrochemistry, physical), physics, electrical engineering and material science, to wor
towards a common goal: controlling the electrical, mechanical and physicochemical
properties of these materials. As a result, work in the field of conducting polymers is
highly interdisciplinary.
A major breakthrough in conducting polymers came in 1977, when Shirakawa et al. [70]
discovered that partial oxidation of polyacetylene with iodine resulted in films with a

dramatic increase in conductivity (with-values in the metallic regime). Since this initia
discovery, studies into the physics and chemistry of conducting polymers or organic
metals have been developed extensively [71]. The synthesis, characterisation and
applications of new conducting polymers have been the subject of major research in the
last decade [72, 73, 74]. The study of these materials has generated entirely new
scientific concepts as well as the potential for new technology [71].

The two conducting polymers that are of interest in this project are polypyrrole (13) and

polyaniline (14). These exhibit high environmental stability and structural versatility,
which allows the modulation of their electronic and electrochemical properties by
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manipulation of the monomer structure via incorporation of appropriate counterions (A-)
(Figure 1.4).

H H

A

-f^I
I
H

xO-rOH.
A

(13)

(14)

Figure 1.4. Structures of polypyrrole (13) and polyaniline (14).
1.7.1. Mechanism of conductivity

The essential structural characteristic of conducting polymers is their conjuga

extending along a number of monomeric repeating units. This characteristic feat

results in a quasi-one-dimensional structure with a high anisotropy of conducti
which is higher along the chain direction [72]. The relatively weak interchain

allows diffusion of dopant molecules into the structure (between chains), while

interchain carbon-carbon bonds maintain the integrity of the polymer. Conducting

polymers can be divided into two categories: those with degenerate ground state

soliton as the important excitations, and those where the ground state degenera

[75]. Polyacetylene, (CH)X, is the most extensively studied example with a degen

ground state (the double and single bonds can be interchanged with no energy cos

Polypyrrole, polythiophene and polyaniline each have non-degenerate ground stat
(Figure 1.5).
(a)

H
I

H

(b)
-*-

H

H

Figure 1.5. (a) The two equivalent forms of polyacetylene, and (b) the two
resonance forms of polypyrrole which are not equivalent.
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1.7.2. C o n d u c t i n g

Polymer

Synthesis

In both chemical and electrochemical cases the first step is an electrochemical reaction.
A n important step is the incorporation of a counteranion into the polymer, which is called
"doping". The overall polymerisation reactions for polypyrrole and polyaniline are
shown in Figure 1.6.

H
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NH,

OX
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H

+ xH+
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N

I

+ xH+

-•

i

J n

H

Figure 1.6. Polyaniline and polypyrrole oxidation.
1.7.3. Electrochemical

Polymerisation

Electrochemical techniques have played an important role in the development of
conducting polymers, being used for polymerisation, characterisation and applications of
such polymers. Electrochemistry can produce and organise in a specific manner
molecules and macromolecules at the solid conducting polymer interface. In fact, in the
last twenty years electrochemistry has undergone significant expansion due to the
discovery of conducting organic polymers [76].

The first electrochemical synthesis of conducting polymers and their characteri
place well over 130 years ago. In 1862, Letheby [77] reported that the anodic oxidation
of aniline in sulphuric acid solution deposited a blue-black powder on a platinum
electrode. This powder was not soluble in water, alcohol or other organic solvents.
After one century, in 1968, Dall'olio et al.[78] published the first analogous
electrosynthesis of other systems. They prepared a brittle,film-likepolypyrrole black on
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a platinum electrode during anodic oxidation of pyrrole in sulphuric acid. The first
flexible, stable polypyrrole films with high conductivity (100 S/cm) were produced by
Diaz et al. from acetonitrile in 1979 [79]. Electrochemical polymerisation has been
rapidly extended to other substrates listed in Table 1.3, namely thiophene [80, 81] furan,
indole, [81] carbazole [72] and aniline [82-85].
Table 1.3. Conducting

polymers:

preparation

methods

and conductivities

[67] [CH, chemical doping; EP, electrochemical polymerisation}.

Polymer

Formula

Synthesis method

Conductivity S/cm
100

Polyacetylene

CH
>100000

H

I

Polyaniline
EP/CH

o-H.

EP 100
Polypyrrole

H
Polythiophene
EP 106

Polyfuran
EP

x\
O
n

CH

Polyindole

n

EP
Polycarbazole
n
H

10-3-10"4
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1.7.4. F a c t o r s

influencing

electrochemical

polymerisation

1.7.4.1. Electroactivity of monomers

Many aromatic compounds can , in principle, be good candidates for the electrochemical

formation of the polymers. In most cases, the reactivity of the monomers is achieved b
anodic activation, which corresponds to an electron transfer from the monomer to the
electrode whose potential is rendered sufficiently positive to overcome the energy
barriers.
1.7.4.2. Different polymerisation techniques

Three different electrochemical methods are usually employed for the polymerization a

study of conducting polymers, and the physical and chemical properties of the polymer
products may depend on the chosen mode of formation.
The method most often employed is the use of a fixed applied oxidation potential
(constant potentiostatic method). One can also use galvanostatic conditions : in this

the current passing through the cell must be chosen in such a way that the average ano

potential is not too different from that used when working under potentiostatic condi
In this method, the important parameter is the current density.

Dynamic potential (CV) may be used for synthesising very thin layers of polymers under

well controlled conditions, in which the scan rate is an important parameter. Also pu

techniques, on the basis of potential-time or current-time, have proved to be excelle

tools for the evaluation of the kinetics of deposition processes, which involve adsor

nucleation and growth steps. In particular, current-time data resulting from potentia
experiments give valuable information on nucleation kinetics [86, 87].

1.7.5. Electrochemical polymerisation of aniline

Polyaniline (PAn) was synthesised using the electrochemical method for the first time
Letheby in 1862 on a platinum electrode in aqueous sulphuric acid solution [77].
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Extensive electrochemical studies of its synthesis and properties have been carried out
over the last three decades [88, 89].

Three electrochemical methods which have been employed for polyaniline synthesis are :

constant current (or galvanostatic), constant potential (or potentostatic) and potential
cycling (or sweeping) methods. In the galvanostatic method, an applied current density

between 0.5 to 1.0 mA/ cm^ leads to the deposition of a polyaniline film on the surface o
the electrode substrate. Applied potentials between 0.7 and 1.2 V (vs. Ag/AgCI) have

been used for the polymerisation of aniline at constant potential, while in potential cy
the potential was cycled between -0.2 and 0.7 or 1.0 V (vs. Ag/AgCI).
Scanning electron micrograph (SEM) investigations indicate that electro-oxidation of
aniline by potential cycling produces an even polymeric film, which adheres strongly to

the electrode surface [90], On the other hand, the potentiostatic method is useful becau
in this method the thickness of the polymer is controllable by controlling the charge
employed in their production.

A range of working electrode substrates have been employed for the electrochemical
preparation of polyaniline, including platinum, or conducting glass [91, 73], iron [92]
copper [93], graphite [94] and indium tin oxide-coated glass [95].

Unlike the polymerizations of pyrrole and polythiophene which are very sensitive to

anions [71], the polyaniline synthesis is little influenced by the nature of the anion p
[96]. Voltammogram and chronocoulometric responses for films in sulphuric,

hydrochloric , nitric and fluorosulfonic acid electrolytes are effectively superimposabl
while other acids show only small effects [97].

Although the anion has a small effect on the polyaniline electroactivity and conductivit

the counterions derived from the supporting electrolyte has considerable influence on th
rate of polymerisation of aniline and other properties. Kitani et al. [82] have studied

effect of the supporting electrolyte on polymer growth. They reported that polymerisatio

from sulphuric acid was 2.7-2.8 times faster than from perchloric, nitric or hydrochlori
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acids. This difference m a y by due to the porous and granular structure of P A n w h e n
synthesised in sulphuric acid medium compared to the smooth morphology obtained with
other counterions [98].
Another interesting property of polyaniline is the sensitivity to molecular weight of
different counteranions. H y o d o et al [99] have studied this property, demonstrating that
polyaniline has a selectivity for high molecular weight dopants.

While the majority of electrochemical studies with polyaniline have been done in aqueou
solution, it has been demonstrated that electroactive polyaniline can also be synthesised in
non protic solvents, such as propylene carbonate containing an organic acid ( C F 3 C O O H )
and an electrolyte (lithium perchlorate) [100] and acetonitrile [101].

1.7.6. Chemically synthesised conducting polyaniline
In this method polyaniline is synthesised directly by oxidation of aniline using an
appropriate chemical oxidant. Different chemical oxidants have been used for the aniline
oxidation, such as a m m o n i u m persulphate [84, 102], potassium dichromate [85],
chromyl chloride [103], FeCl3 [104] and hydrogen peroxide [105].

Ammonium

persulphate is the most extensively used and the reaction is mainly carried out in acid
medium such as hydrochloric acid (pH 1) [84] or sulphuric acid (pH 0-2) [104-106].

Cao et al. [107] studied the effects of different conditions on the chemical
polymerisation, reporting optimum synthesis conditions using a m m o n i u m persulphate.
These were optimised with respect to the viscosity of the solution, polymer electrical
conductivity and reaction yield.
In general with the chemical method insoluble polyaniline PAn was obtained. Different
colours were observed depending on the structure of the P A n produced. A dark green
powder was usually obtained, which was then separated by filtration. These materials
were called acidic emeraldine with different acids, e.g. hydrochloric emeraldine [108].
The precipitate is then washed with acidic solution to remove oligomers and dried under
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dynamic vacuum for 24-48 hrs. Acidic emeraldine was suspended in a m m o n i u m
hydroxide solution, filtered, and the powder washed and dried under dynamic vacuum.
The resultant powders are called emeraldine bases ([108].

A study [109] of the oxidation of aniline using ammonium persulphate as chemical

oxidant indicated that the rate of reaction is dependent on the temperature in the ra
0-80 °C. The enthalpy of reaction is high (AH°=-372 KJ mol-1) and does not vary with

the initial temperature between 0°- and 70° C nor with the concentration of aniline, b
does vary with the concentration of oxidant.

1.7.7. Solubility of conducting polymers
An important problem in conducting polymers is the solubility of these materials. The

solubility of conducting polymers offers the possibility of producing stable free-sta

films and fibers of PAn or composite materials if a conventional polymer is dissolved
solvent. Polyaniline is not soluble in most common organic and aqueous solvents. The

synthesis of soluble PAn is of great interest because of their potential applications

first report on the solubility of polyaniline was in 1910 when Green et al. [110] rep
that it was soluble in 80% acetic acid, 60% formic acid, pyridine and concentrated
sulphuric acid. In 1979, Angelopoulous et al. [Ill] reported partial solubility of
polyaniline (in its emeraldine base form) in N-methylpyrrolidinone (NMP),
dimethylformmide (DMF), tetrahydroforan (THF), benzene and chloroform. Recently,
Heeger et al. [112] and Smith et al. [113] used camphorsulfonic acid (HCSA) and
dodecyl benzenesulfonic acid (HDBSA) to render doped polyaniline soluble in m-cresol
and xylene. According to these workers, such solutions allow the preparation of pure

and composite films having D.C. conductivities of up to 450 S cm~l. Cao et. al. studie

the influence of different parameters on the solubility of polyaniline in different s

[114]. Also Gettinger et al. [115] reported solution characterization of PAn.CSA in m-

cresol and they concluded that the presence of water has significant on solution quli
PAn.CSA. Other researchers [116,117] developed water soluble polyaniline with low
conductivity.
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1.7.8. C h a r a c t e r i z a t i o n of c o n d u c t i n g

polymers

1.7.8.1. Electrochemical characterization
The electrochemical behaviour of conducting polymers such as polypyrrole and

polyaniline has been extensively studied [118, 119]. Figure 1.7 gives an example of
oxidation and reduction reaction of polypyrrole, named as "doping" and "undoping",
which are an important part of electrochemical studies.
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Figure 1.7. Doping and undoping processes in polypyrrole.

Cyclic voltammetry is a popular member of a family of dynamic electrochemical metho

in which the potential applied to an electrochemical cell is scanned. Electrochemis

possesses other efficient methods to give information on the charge-transfer mechan

in conducting polymeric materials. In conducting polymers the technique may be utili
to determine the doping level of polymer. As Figure 1.7 shows, when the polymer is

oxidised it gains a positive charge and for charge neutrality a counterion is incor

from the electrolyte solution. It has been proposed that upon reduction, counterions

expelled in order to preserve electrical neutrality in the resulting uncharged poly
[120]. It has been established that when a polymer is doped with large immobile

counterions, the electrochemical properties depend on the nature of the cations in t
electrolyte solution [120].

In the case of polyaniline, cyclic voltammetry has been used for the characterizatio

polymer during the doping and undoping processes in different supporting electrolyte

Polyaniline has two oxidation and two reduction peaks (labelled 1, 1' 2, 2') (Figur

If a higher potential is applied (depending on conditions), a third redox system can
which corresponds to a different polymeric structure [91].
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Some authors have studied the degradation of polyaniline with different potentials applied
for polymer growth, and reported that the polymer degradation products depended

applied anodic potential [121-123]. Kobayashi et al. [124] reported that the ani
hydroquinone are generally products of oxidation degradation of polyaniline.
1.7.8.2. Electrochemical quartz crystal microbalance (EQCM)

The electrochemical quartz crystal microbalance (EQCM) is a powerful technique w
is able to measure mass changes at a solid-liquid interface [125]. The technique

on changes in the mass of the working electrode causing a change in the resonant

frequency of the device, which can be used to determine the quantity of added ma
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This method can be used to obtain information on deposited polymeric materials. The
mass of the polymer deposited on the electrode is often estimated from the charge
consumed in cyclic voltammetric experiments. However, in some cases this may not be

accurate since all of the charge consumed may not be related to the oxidation-reductio
process [126,127], and EQCM may give more direct information. EQCM has been used
to study the redox behaviour of PPy and polyaniline doped with organic and inorganic
ions in different solvents and for the characterization of polyaniline. For example,
et al. [128] showed that with very thin polyaniline films, changes in EQCM signals

observed during the redox reactions can be attributed to motion of the electrolyte an

into and out of the film [129]. Also, EQCM studies [130-132] of polyaniline in various

aqueous electrolytes indicated that the pH dependence of the electrochemical behaviou
polyaniline is due to the doping and undoping and protonation.
1.7.8.3. Resistometry

Resistometry has been used for the in situ characterization of polypyrrole and polyan
[133-135]. For example, Paul et al [136] have shown that PAn is conductive in the
potential range 0.2 to 0.65 (vs. SCE) in sulphuric acid. The influence of the nature
anion and the pH of the supporting electrolyte has also been studied.
1.7.8.4. Uv-visible spectroscopy

Spectroscopic studies of conducting polymers are usually performed using classical

transmittance techniques on KBr-pressed pellets or optically transparent electrodes s
as ITO-coated glass. The latter electrodes allow both polymer formation and
doping/undoping processes to be studied in-situ. In some cases polymer solutions have
been studied [137].

The most widely studied spectroscopic technique has been uv-visible spectroscopy. The

uv-visible spectrum for polyaniline has been reported in several papers [138-146]. The
emeraldine base form of the polyaniline shows two absoiption bands at 320 and 600-630
nm, which have been assigned to the excitation of the amine and imine segments on the
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polyemeraldine chain, respectively [147]. O n the other hand for the fully protonated
polyaniline salt, while an absorption near 320 n m remained, the peak at 600-630 n m
disappeared and a n e w absorption band at higher wavelength ( 700-950 n m ) appeared
[148].

1.7.9. Applications of conducting polymers

1.7.9.1. Rechargeable batteries

One of the first reports that utilised organic polymers as electrode materials highl
their use as low weight rechargeable batteries [149]. In this report, MacDiarmid et al.
[149] described thefirstpreliminary simple battery using a p-doped polyacetylene strip as
the active cathode material. Similar applications were later proposed for other conducting
polymers such as polypyrrole [150], and polyaniline [151]. In the case of polyaniline,
this application was rapidly developed due to the simple preparation procedures and the
ability of polyaniline to store a considerable charge through redox processes in both
aqueous [151] and non-aqueous [152] solutions. Recently, O y a m a et al [153] have
reported the use of a composite organic cathode to increase the amount of energy that can
be stored in the rechargeable Lithium battery. The cathode is based on a mixture of a
dimercaptan and polyaniline.

1.7.9.2. Electrochromic devices

Most conducting polymers have electrochromic properties because of their visible
absorption bands which are considerably shifted during the electrochemical
doping/undoping of the polymers. This has led to the development of several electrooptical systems such as display devices or electrochemical windows. Table 1.4 shows
the particular colour changes for polypyrrole and polyaniline systems.
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Table

1.4. Colour

changes

in doped

and

undoped

polypyrrole

and

polyaniline.

Polymer

Colour, undoped

Colour, doped

Polypyrrole

yellow-green

blue-black

Polyaniline

yellow

green or blue

A s shown in Table 1.4, the undoped state of polyaniline is yellow while its oxidised form
is green or blue (depending on the oxidation potential). The polymer in the green state is
conductive, and the changes of conductivity and coloration are associated with doping of
the film. The mechanism of the electrochromism observed with conducting polymers has
been reported in various papers [154, 155].

1.7.9.3. Catalysis

Conducting polymers have exhibited catalytic activity because of their ability to enh
electron transfer. S o m e research has been done on the catalytic activity of polyaniline
[156, 158]. It was found that during oxidation of formic acid using polyaniline coated
electrodes, the oxidation rates of polyaniline electrodes are comparable to the oxidation
rate of a platinised platinum electrode at low overpotential [159].

1.7.9.4. Use of conducting polymers as modified electrodes

Selective modified electrodes appear to be one of the most promising fields of applic
of conducting polymers. Modified polypyrrole and polythiophene electrodes as
stereoselective materials have been reported as well as molecular and ionic recognition
[160, 161].

Komari et al. [55] were the first to report the use of conducting polymers as modifie
electrodes for asymmetric synthesis. This report described the modification of a platinum
surface by a PPy film and subsequent modification of this polymer by direct dip coating
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in poly(L-valine) Figure 1.19. The chemical stability of chiral conducting polymers

when synthesised on an electrode surface was found to be better than those attached b
the dipping method.
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Figure 1.19 . Polypyrrole- poly (L-Valine) coated electrode.

1.8. CHIRAL CONDUCTING POLYMERS
In contrast, there have been very few reports concerning chiral conducting polymers.
Development of synthetic routes to such chiral conducting polymers should be of

considerable interest due to their potential applications in areas such as asymmetric

electrosynthesis, chiral separations and chiral sensors. Optical activity in the 7t-7t
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absorption band of conjugated polymers can be induced by the presence of chirality in the
side chain [162]. The first chiral conducting polymer was synthesised in 1985 [163-164]
and studies to date have concentrated on polypyrroles and polythiophenes in which chiral
substituents are attached at either the p-ring position or on the pyrrole N atom.

1.8.1. Chiral polypyrroles
Three types of chiral conducting polypyrroles (CCPPs) have been synthesised, as
described below:

1.8.1.1. Chiral N-substituted polypyrroles

The synthesis of a range of polypyrroles containing chiral N-substituents based on (
camphorsulfonate esters (15-17) has been reported via the electropolymerization of the
corresponding chiral monomers [163, 165]. However, circular dichroism ( C D )
measurements of polymer films deposited on ITO-coated glass revealed no visible region
C D bands, showing only the C D signal expected for the (+) camphorsulfonate group at
295 nm.
i—i
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(CH2)
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CH3 CH3

CH,

/
SOj
(18)

M o r e recently, Jean-Claude et al [161] similarly synthesised another type of C C P P ,
namely (19) in which a 0-D glucose derivative was attached to the pyrrole N atom.
Unfortunately, circular dichroism spectra were not reported, but the polymer was shown
to exhibit significant enantioselective properties.
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1.8.1.2. Polypyrroles with Amino acids substituted on 3-position

Chiral polypyrroles (20) have also been reported in which amino acids w

chiral substituents on the 3-position of the pyrrole ring [166]. As seen
conductivity of these polymers (0.2-1.4 S cm'i) is reduced compared to

polypyrrole (100 S cm'l). This is presumably due to steric crowding by th

substituent causing bending of adjacent pyrrole rings from the planarit
conductivity.
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n
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Table 1.5. Conductivities of PPy's with the different chiral substituents in 3position.

Polymer

R

Amino acid

Conductivity

20a

CH 2 OH

L-serine

1.2 Scm"1

20b

CH(CH 3 ) 2 L-valine

1.4 Scm-1

20c

Phenyl

0.2 Scm"1

D-2-phenylglycine

The circular dichroism spectra of these polymers exhibited a large positive Cotton Effect
centred at ca. 465 n m (Ae L-R, = 1-00 mol" c m " ) associated with a corresponding
visible absorption band. This confirmed the macroasymmetry of the polypyrrole chains.

1.8.1.3. Chiral polypyrrole composites

Another approach to chiral conducting polypyrroles has been the use of a chiral pol
such as a polyamide as the dopant anion. The chiral polymer composite (21) was
synthesised electrochemically as a black, shiny free standingfilmon a platinum electrode.
The circular dichroism spectrum (without magnitude) was reported on this platinum
substrate using a reflected light method [167].
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1.8.2. Chiral conducting polythiophenes (CCPTs)
Studies on this type of chiral polymer have generally involved the polymerization of

monomers in which a chiral substituent is attached to the 3-position of the thiophene
The first report was by Kotkar et al. in 1989 [168], who described the synthesis of a

chiral polythiophene from the monomer (22). Several related chiral polythiophene have
been subsequently synthesised from monomers such as (23-25) [169- 171].
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Electrochemical methods were employed for the synthesis of polymers from (22) and
(23). The CD spectrum was not reported for the polymer from (24), but for (25) the
undoped polymer film obtained showed a specific rotation

([OC]D)

of +30000 or -3000

depending on the hand of the chiral substituent). This indicated macromolecular

asymmetry for the chiral polymer, possibly a helical conformation, as proposed for p
(3- alkylthiophene [169].

A water soluble chiral conducting polythiophene has been chemically synthesised from

the thiophene monomer (24). Interestingly, the uv-visible and circular dichroism spe

for this latter polymer were reported to be very different in the two solvents, wate

methanol (see Chapters 3 & 4). A similar marked solvent dependence for the uv-visibl

and circular dichroism spectra has also been obtained for the polymer derived from (
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1.8.3. Enantioselectivity of chiral conducting polymers

Chiral electrode materials possessing enantioselective recognition properties or capabl
performing chiral electrosynthesis are of growing interest. The electropolymerization of
optically active m o n o m e r s provides a facile method for the direct coating of chiral
conducting polymers onto electrode surfaces [161], and presents several advantages for
the preparation of modified electrodes. Their electrochemical synthesis leads to direct
grafting onto the electrode surface, while their high conductivity results in fast and
efficient charge transfer allowing the preparation of electrodes of a large surface-tovolume ratio and with m a x i m u m density of chiral active sites [160].
Several polymers synthesised from chiral thiophenes have been recently shown to exhibit
moderate enantioselectivity in the redox doping/undoping reactions with (+)- and (-)camphorsulfonate ion (Table 1.6). Similarly, the chiral polypyrrole recently synthesised
from P ~ D — glucose derivative of pyrrole (19) has been reported to s h o w between the
(R)- or (S)- enantiomers of camphorsulfonate ion [161].
Table 1.6. shows the influence of configuration of camphorsulfonic acid electrotyle on
the charge consumed during the redox cycling of the chiral polythiophene films (charge in
m C / c m - 2 ) [172].
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Table 1.6. Influence of configuration of camphor sulfonic acid on the charge
consumed during the redox cycling of the chiral polythiophene films.
Polymer
CH3

A;

LiC104

d-HCSA

1-HCSA d/l

8.61

0.697

0.711

0.98

12.87

1.47

1.456

1.01

11.1

1.78

1.48

1.36

7.38

1.87

1.23

1.57

A:
A:
A^O
1.8.4.

Solvatochromism

and thermochromism

in

chiral

conducting polymers
An interesting feature of chiral conducting polymers is the dependence of their structure
and chiroptical properties on the solvent and temperature, as has been observed with
several polythiophenes. A chiral substituent linked to the thiophene ring should induce a
perturbation of the polymer backbone, possibly leading to preferred helical conformations
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of the polymer [52]. Polyheterocycles with chiral substituents are believed to exist in
helical conformations for films of several polythiophenes and polypyrrole prepared by
electrochemical methods [173].

Soluble polythiophenes with different substituents such as (24) and (25) have shown
remarkable solvent dependencies for their specific rotations and circular dichroism
spectra. These changes with solvent were interpreted as being due to partial
interconversion between syn and ami orientations of the adjacent side chains along the
polymer chains. For example, for the polymer from (24), the CD and uv-visible spectra
in water and methanol are significantly different. The two major CD peaks in water,
interpreted as due to syn conformers, almost completely disappear in methanol where the
anti conformation dominates [170]. Also for the polymer from (25), addition of
methanol to a chloroform solution results in significant solvatochromism, and further

increase in the proportion of methanol in the solvent causes polymer precipitation. Als
thermochromism for this polymer in solution were revealed by changes in the CD and uvvisible spectra with temperature [171]. Such solvochromic and thermochromic behaviour
indicate a conformational change or possibly a change of aggregation in the polymers
when the solvent or temperature is varied.

1.9. AIM OF THE PROJECT.
The main aim of this project is to develop new approaches for the synthesis of chiral
conducting polymers, the characterization of their chiroptical, electrochemical and

mechanical properties and the exploration of their potential applications. A particular
target is the previously unknown optically active polyanilines and its derivations.

The work described has been split into two parts:

(l)-Synthesis and characterization of new chiral conducting polymers,

(2)-Applications of these polymers in asymmetric electrochemical synthesis and in the
separation of enantiomeric anions.

CHAPTER 2
ELECTROCHEMICAL SYNTHESIS OF CHIRAL
CONDUCTING POLYANILINES

44

2.1. INTRODUCTION
The electropolymerization of aniline in the presence of various acids (HA) to produce
conducting emeraldine salts (PAn.HA) has been extensively studied [73, 74, 174]. A
wide range of acids has been employed, including H C I , H B r , H P T S A , H B F 4 , and
H C I O 4 [73].

The conductivity of polyaniline is dependent upon its protonation as well as its redox
state. In order to prepare the polymer in its conducting form, the electrochemical
polymerization must be carried out in acidic solutions at p H 0-1. Under these conditions
it is accepted [77, 79] that the electropolymerization is a bimolecular process. The first
step in the oxidation of aniline is the formation of a cation, which is independent of the
p H of the synthesis m e d i u m [74]. The radical cation gives three different resonance
forms as shown in Figure 2.1 (A). In general, polymerization proceeds via the reaction
of a radical cation with a second radical cation to give a dimer by eliminating two protons
(B). Once again, propagation and doping, both oxidative and that due to protonation,
occur together.

The chain propagation (C) requires oxidation of the oligomer to form a radical cation,
which is delocalized over the aniline unit at the end of the chain. The polymerization
reaction is a self-catalysing reaction and the mechanisim is an E ( C E ) n process.

The doping (D), by oxidation, of the polymer to its conducting form, occurs with the
growth of the chain. These are the main reaction which produces the structure of
polyaniline. However, there are various side reactions that can occur which effect on the
conductivity has been reported [73, 74].
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Figure 2.1 Mechanism of formation of conducting polyaniline.
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2.1.1. The aim of this chapter
The generation from achiral monomers of optically active polymers in which the activity
arises solely from macromolecular asymmetry has attracted considerable recent attention
in the area of non-conducting polymers [175-184].

The primary aim of this Chapter is to investigate whether optically active polyaniline c
be produced via the simple process of employing the chiral acids (+)- or (-)camphorsulfonic acid ( H C S A ) as the supporting electrolyte during the electrochemical
polymerization of aniline. It w a s hypothesised that the incorporation of the chiral
counterion (+)- or (-)-CSA" m a y introduce one screw-sense helicity to the polyaniline
backbone.

The effect of various electrochemical parameters on the efficiency of the electrochemica
synthesis has also been investigated. A range of different techniques has been employed
to characterise the electrochemical behaviour of the polyanilines produced, including
cyclic voltammetry, electrochemical quartz crystal microbalance ( E Q C M ) and
resistometry, while their chiroptical properties have been determined from uv-visible and
circular dichroism spectra studies.

2.2. E X P E R I M E N T A L
2.2.1. Reagents and solutions
Aniline (purchased from Aldrich) was distilled and stored in a freezer under a nitrogen
atmosphere prior to use. Other reagents were of analytical grade from Aldrich and were
used without further purification. All solutions were freshly prepared using Milli-Q
deionised water. T o exclude interference from oxidation products, nitrogen w a s flushed
through the electrochemical cell and the electrolyte prior to all experiments.
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2.2.2. E l e c t r o c h e m i c a l

Instrumentation

The electropolymerization of aniline was carried out in each case in a three-elect
electrochemical cell (Figure 2.2) at room temperature using 0.2 mol d m - 3 aniline and 1.0
mol d m - 3 (+)- or (-)-camphorsulfonic acid as supporting electrolyte. Ag/AgCI was
employed as the reference electrode. Reticulated vitreous carbon ( R V C ) or platinum
gauze was used as the auxiliary electrode. Depending on the subsequent experiments to
be performed, the working electrode for deposition of the polyanilines was platinum,
glassy carbon, or indium-tin-oxide (ITO) coated glass (25£2/square Delta Technology
Ltd.). Before each electropolymerization, the working electrode was washed with
acetone followed by Milli-Q water.

In galvanostatic polymerization a constant current was applied to the working elec
using a Princeton Applied Research (PAR) Galvanostat 363. In the chronoamperometry
method, a constant potential was applied to the working electrode using a B A S CV-27
potentiostat and the accompanying current associated with the polymer growth was
monitored as a function oftimeusing a Maclab and chart recorder.
Aux.E.(Pt.gauze)
R. E. (Ag/AgCI in 3 mol d m-3-> NaCl)

Salt bridge

Quartz crystal (W. E.)

Figure 2.2. Electrochemical synthesis cell.

The electrochemical quartz crystal microbalance ( E Q C M ) apparatus employed has been
described elsewhere [185] (see Figure 2.3). The quartz crystal (International Crystal

48

Manufacturing Co., U.S.A) was 10 M H z At-cut quartz coated with Au electrodes of
active area 0.24 cm2. The counter electrode was Pt gauze. Measurements were taken at
room temperature (20-25 °C). A schematic of the apparatus used for the E Q C M /
electrochemical experiments is shown in Figure 2.3.

Al
1

i

A2

A3

A4
A5

Quartz Crystal
(B)

(A)

Aux.E.(Pt. gauze)
-3 ° NaCl)
R. E. (Ag/AgCI in 3 mol dm

Salt bridge

Quartz crystal (W. E.)

(C)

Figure 2.3. (A) Schematic of the apparatus for electrochemical /QC
measurements: Al Computer ; A2, Maclab; A3, CV 27; A4, Faraday cage

(frequency counter and oscillator); A5, Electrochemical cell (B), Qu
crystal; (C), Electrochemical cell used for EQCM experiments.
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2.2.3. Polymerization

Procedures

The electropolymerization of aniline was carried out using three different ele
modes : galvanostatic, potentiostatic and potentiodynamic.
2.2.3.1. Galvanostatic polymerization (Chronopotentiometry)
In this technique, the potential of the working electrode was recorded during
application of the current. Current density was 0.4 to 1.0 m A cm~2 and the total charge
employed for thefilmpreparation was 70 to 140 m C cm" .
2.2.3.2. Potentiostatic polymerization (Chronoamperometry)
A constant potential of 0.8 to 1.1 V (vs. Ag/AgCI) was applied to the working
and the synthesis time was varied, to produce films of various thicknesses for studies of
the relationship between the charge consumed and the uv-visible and circular dichroism
spectra.
2.2.3.3. Potentiodynamic polymerization (Cyclic voltammetry)

With this method the potential was continuously scanned linearly from an initi
-0.2 V to an upper value of 0.9 V(depending on the working electrode) and then back to 0.2 V. A scan rate of 10 to 100 mV/s was employed .

2.2.4. Electrochemical characterisation of the films
2.2.4.1. Cyclic voltammetry

Cyclic voltammograms were obtained in a solution containing 1.0 mol dm-3 (+)- H
for polyaniline films deposited on platinum, glassy carbon and indium-tin-oxide (ITO)coated glass electrodes.
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2.2.4.2. Electrochemical Quartz Crystal Microbalance (EQCM)

Polyaniline films were grown on the crystal electrode by applying a constant poten
0.82 V (vs. Ag/AgCI) to an aqueous solution containing 0.2 mol dm" aniline and 1.0
mol dm" 3 (+)-HCSA. Electrochemical measurements on the deposited polymerfilmsin
1.0 mol dm" 3 (+)-HCSA were performed under potentiodynamic conditions, the variation
of potential being recorded simultaneously with the change of mass of the polymer.

Mass changes were calculated from the change in the resonance frequency of the cry
at different potentials using the relationship (2.1),
Af=-CfAm

(2.1)

where Af is the frequency change, Am is the mass per cm2 of polymer deposited and C
is the proportionality constant (0.23 H z m g " 1 c m 2 ) determined for the crystal.

2.2.4.3. Resistometry
During potential scan the resistance of the polymers m a y change, and can be monitored
using resistometry. For these studies a resistometer developed at the C S 1 R O Division of
Mineral Products (Melbourne) was employed. Polyaniline was electrochemically
deposited on a Pt electrode (technique above) and resistometry was carried out in a threeelectrode cell in a solution of 1.0 mol dm" 3 (+)-HCSA.

2.2.5. Spectroscopic studies

2.2.5.1. Uv-visible spectra
Polyaniline films for uv-visible spectral measurements were obtained by electrochemical
deposition on ITO-coated glass under various conditions. The uv-visible spectra were
measured with a Shimadzu UV-265 spectrophotometer over the range 300 to 900 nm.
Below 300 n m there was strong absorption by both the ITO-coated glass substrate and

HCSA.

51

2.2.5.2 Circular dichroism spectra

The circular dichroism (CD) spectra of the chiral polymers deposited on ITO-coated g
were recorded using either a Jasco-J500 spectropolarimeter (Macquarie University) or a
Jobin Y v o n Dichrograph 6 (University ofWollongong).

2.3. RESULTS AND DISCUSSION

2.3.1. Electropolymerization of aniline to form PAn.(+)
(-)-HCSA

The electropolymerization of aniline in the presence of various acids (HA) to produce
conducting emeraldine salts of the general type P A n . H A has been extensively studied
(e.g. H A = H C I , HBr, H B F 4 , H C I O 4 and H P T S A ) [73]. The salts produced are
believed to have the polysemiquinone radical cation repeating unit (1). A s detailed
below, the simple expedient of employing the optically active acid (lS)-(+)- {or (lR)-(-)} camphorsulphonic acid ( H C S A ) as the supporting electrolyte during such
electropolymerization of aniline has n o w provided a facile route to optically active
polyaniline salts of the type (1, A" = (+)- or (-)-CSA").

Under the initial potentiostatic electropolymerization conditions employed (+1.1 V v
Ag/AgCI, 1.0 mol dm"3 (+)- or (-)-HCSA, total charge applied 140 m C c m " 2 ) aniline
was oxidised to dark green conducting emeraldine salts (PAn. H C S A ) , which deposited
as a film on the ITO-coated glass working electrode. A potential of 1.1 V vs. Ag/AgCI
was required to overcome the resistance of the ITO-coated glass electrode. This green
salt is believed to have the polysemiquinone radical cation repeating unit 1 (where A" is
either (+)-or (-)-CS A"). Transmission of light through this film was sufficient to permit
the recording of both C D and uv-visible spectra between 800 and 300 nm.

Figure 2.4 shows a typical chronoamperogram of PAn.(+)-HCSA growth on ITO coated
glass at a potential 1.1 V vs Ag/AgCI. This shows that the rate of polymer deposition in
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the intial stages is slow, but increases as the effective surface area of the electrode
increases.
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2.4. Chronoamperogram

obtained for polyaniline grown

at a

potential of 1.1 V vs. Ag/AgCI. Charge consumed 140 mC cm~^.

Figure 2.5 shows the C D spectrum of the emeraldine salt polymers, la and lb, grown
on ITO-coated glass in the presence of 1 mol dm~3 (+)-HCSA and (-) HCSA,

respectively. The polymers la and lb are seen to have mirror image CD spectra, eac

possessing two strong bands in the visible region at 780 and 445 nm. These CD band

correspond to two strong visible absorption bands at 800 and 440 nm observed for t
same films (Figure 2.6).
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Figure 2.5. Circular dichroism spectra of films of emeraldine salts la and lb
grown on ITO-coated glass (at 140 mC

cmrl).

The visible CD spectra of polymers la and lb do not arise from the associated (+)
and (-)-CSA" ions, since the optically active anion has been independently shown to have
a C D band at 290 n m and to be transparent in the visible region.
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Figure 2.6. The uv-visible spectrum of a PAn. (+) HCSA film (140 mC cm~2) on
ITO-coated glass.
The absolute magnitude of the CD bands for polymers la and lb could be estimated
approximately from the mass of polymer deposited in the films. The ACL.R values are
quite large (eg. 16 mol~l d m 2 for the 445 n m band of lb) as expected for a polymer
possessing helical chirality. The quantitative reversal of the C D spectrum for the
emeraldine salt grown in (-)-HCSA as opposed to (+)-HCSA strongly suggests that the
electropolymerization is highly enantioselective with one helical screw of the polymer
chain being predominently produced when the (+)-CSA" anion is incorporated, while the
opposite helical screw arises in the presence of (-)-CSA-. Molecular models suggest that
the helical arrangement of the emeraldine salts may be maintained by the C S A " anion

55

4- •
linking — N —

and — N

—

centres three repeating units apart along the polymer chain

H H
(via ionic and H-bonds).

The essential role of the (+)- or (-)-CSA' group in producing a chiral (possibly hel
structure for the polyaniline backbone was shown by the absence of a CD spectrum for
PAn. HCI produced under the same electrochemical conditions. The importance of the
(+)-CSA~ group in maintaining the chiral polyaniline structure was also demonstrated

dissolving the dark green emeraldine salt la in neat pyrrolidine. A deep blue solutio

the neutral base form of emeraldine (2) was produced via this rapid deprotonation. The
concomitant loss of the CSA" anion from the polymer was accompanied by the
disappearance of all CD signals in the visible region.

H

O_N=0=N_O~N~O~N

H

n

(2)
Electrochemical reduction of the emeraldine salt film la was subsequently carried out at
an applied potential of -0.5 V versus Ag/AgCI (in 1.0 mol dm"3 (+)-HCSA). The colour

of the film changed to pale yellow-green, as expected for the formation of the reduced
leucoemeraldine salt 3 reported [186, 103] to be formed under these conditions. This
colour change arises from the disappearance of the long-wavelength absorption band of

the emeraldine salt la at 800 nm. The CD spectrum of this reduced leucoemeraldine film
was recorded and, as anticipated, the long-wavelength CD band at 780 nm was markedly
decreased in intensity. However, a relatively strong CD band (of unchanged sign) was

present at 440 nm corresponding to the absorption band at 440 nm found for this yellow

green reduced polymer. These results suggest that the same helical structure and scre
sense is retained during the electrochemical reduction of la to 3a.
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Our above synthesis of optically active polyanilne represents the first preparation of a
chiral conducting polymer from an achiral monomer. It uses a different mechanism for
achieving one-screw-sense helicity than that operating in recently reported nonconducting chiral polymers such polyisocyanides [178, 179] polyisocyanates [180], poly
(triaryl methylmethacrylatees) [181, 182] and polychlorals [183, 184].

In view of the significance of this generation of a new class of chiral conductin
polymers, a systematic study was carried out to determine the influence of various
parameters on electrosynthesis under potentiostatic conditions. Alternative methods for
the electropolymerization of aniline in the presence of (+) and (-)-HCSA were also
examined, such as galvanostatic and potentiodynamic electropolymerization. Each of
these is discussed in turn below.

2.3.2. Influence of polymerization conditions on the
chiroptical a n d electrical properties of the chiral films
2.3.2.1. Potentiostatic polymerization
2.3.2.1.1. Influence of potential
In the electropolymerization of conducting polymers the potential applied to the working
electrode should ideally be slightly greater than the peak potential observed with cyclic
voltammetry for the monomer oxidation. If the potential is too low, the polymerization
process will be very slow and dimers or oligomers which are soluble in water can be
formed. O n the other hand, if it is too high the polymer may be overoxidised. This is
particularly a problem with polyaniline since the monomer oxidation potential is very
close to the over-oxidation potential for the polymer [137].
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In the present system the influence of potential was examined by varying the applied
potential between 0.80 and 1.10 V vs. Ag/AgCI, while maintaining the following
constant parameters: [aniline]= 0.2 mol dm"3, [(+)-HCSA]=1.0 mol dm"3, charge
consumed =120 m C cm" 2 . The C D spectra between 330 and 650 n m for each of the
PAn. (+)-HCSA polymers deposited on ITO-coated glass working electrodes are shown
in Figure 2.7. In each case, optically active materials are seen to have been produced,
exhibiting a characteristic negative C D band at ca. 450 nm. However, the intensity of
this C D band is strongly dependent on the applied potential, being strongest at 1.1 V and
quite weak when the potential employed was 0.8 V. These results suggest that the same
optically active material is produced in each case, but that deposition efficiency is low at
the lower potential.
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Figure 2.7. CD

spectra of PAn.(+)-HCSA

salts generated on ITO- coated

glass. Polymers were deposited at potentials of (green) 0.8; (red), 0.9; and
(black), 1.1; Vvs. Ag/AgCI.
The influence of applied potential was also examined via a series of chronoamperograms
and chronocoulograms obtained during PAn. (+)-HCSA growth on an ITO-coated glass
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electrode ([aniline]= 0.2 mol dm"3; [(+)-HCSA]=1.0 mol dm -3 ; charge consumed=120

mC cm-2) at potentials between 0.80 and 1.1 V vs. Ag/AgCI. The chronoam

in Figure 2.8 show that polymer growth occurs in two stages at each po

initial stage is believed to involve nucleation of the polymer on bare

electrode surface, while the subsequent more facile growth occurs on t

covered electrode. Polymer growth is also seen from Figure 2.8 to be d

potential applied, the rate decreasing with decreasing potential. In p

deposition is quite slow at the lower potentials examined ie. 0.8V (vs.
7
Eg = 0.8 V
Eg = 0.9 V
Eg = 1.1 V
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Figure 2.8: Chronoamperograms
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obtained for PAn.(+)-HCSA

300

grown at

potentials of 0.8, 0.9, and 1.1 V vs. Ag/AgCI. Charge consumed 120 mC
2.3.2.1.2. Influence of charge consumed
A series of PAn.(+)-HCSA films were deposited on ITO-coated glass electrodes using a

constant potential of 1.1V vs. Ag/AgCI ([aniline]=0.2 mol dm"3, [(+)-HC
dm-3) while varying the charge consumed (Q) from 30 to 140 mC cm"2. The

and CD spectra of these films confirmed, as expected, that the amount o

PAn.(+)-HCSA polymer deposited (and the thickness of the films produced
with increasing charge consumed.

The uv-visible spectra (Figure 2.10) for films grown with Q = 30-110 mC

showed similar absorption bands at ca. 440 and 870 nm, characteristic o
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PAn.(+)-HCSA salt, their intensity increasing with increasing charge consumed. The

CD spectra in each case (Figure 2.9) similarly revealed an increasing intens
characteristic negative CD band at ca. 450 nm with increasing Q. At lower Q
uv-visible and CD bands also appear to shift to lower wavelengths. However,
be an artifact associated with the relatively weak and broad bands observed

charging levels. Alternatively, it could indicate a higher proportion of low
weight oligomeric products.

AAX1E-3

Figure 2.9. CD spectra ofPAn.(+)-HCSA films deposited on ITO-coated glass

7 2 2
using different charging: (a) 30 mC cm,
110 mC cm'2 and (e) 140 mC cm' .

(b) 70 mC cm'*, (c) 90 mC cm' , (d)
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Figure 2.10. Uv-visible spectra of PAn.(+)-HCSA films deposited on ITOcoated glass using different charging: (a) 10 mC cm~2, (b) 20 mC cm~2, (c)
50 mC cm'2, (d) 75 mC cm~2 and (e) 110 mC cm~2.
2.3.2.2 Galvanostatic polymerization
Optically active PAn.(+)-HCSA films can also be deposited on ITO-coated glass working
electrodes via the electropolymerization of aniline (0.2 mol d m - 3 ) in aqueous 1.0 mol
d m " 3 (+)-HCSA under galvanostatic conditions using applied current densities of
between 0.4 and 1.0 m A cm -2 . The C D spectrum for such afilmgrown using an applied
current density of 0.5 m A c m - 2 is shown in Figure 2.11. It is seen to be very similar to
those obtained above using potentiostatic methods.

Figure 2.12 shows the chronopotentiogram for polyaniline growth at an applied c
density of 0.5 m A cm"2- W h e n the current was applied to the working electrode the
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Figure 2.11. Circular dichroism spectrum for PAn.(+)-HCSA

salt grown

on

ITO-coated glass using galvanostatic technique with a current density of 0.5
2

mA cm' .
potential rapidly increased, then gradually decreased. A s with the chronoamperograms
recorded earlier during potentiostatic polymerizations, this chronopotentiogram is

consistent with two distinct stages in polymer growth:- an initial nucleation stage o

bare ITO-coated glass electrode which requires a high potential, followed by more fac
growth on the polymer-coated electrode requiring a substantially lower potential.
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obtained for PAn.(+)-HCSA

polymer growth using a current density of 0.5 mA
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cm~2.

2.3.2.3. Potentiodynamic polymerization

Optically active PAn. (+)-HCSA films can also be readily deposited on ITO-coated gl

working electrodes via the potentiodynamic polymerization of aniline (0.2 mol dm"3)
aqueous 1.0 mol dm-3 (+)-HCSA by cycling the potential between -0.2 and 1.0 V (vs
Ag/AgCI). The CD spectrum for such a film is shown in Figure 2.13 and is seen to be
very similar to those obtained above by potentiostatic and galvanostatic methods.

Cyclic voltammograms recorded during the above potentiodynamic polymerization on

either ITO-coated glass or glassy carbon electrodes reveal well defined oxidation a
reduction processes typical of those previously reported [73, 186, 187] for related
PAn.HA materials. For example, the two oxidation peaks observed at a glassy carbon
electrode (Figure 2.14) are attributed to (i) initial oxidation (at ca. 0.2V) of

leucoemeraldine to the emeraldine salt (1), and (ii) subsequent further oxidation a

0.76V to the pernigraniline form (Scheme 2.1). The charging current is very small at

potentials negative of the initial oxidation, while positive of it one observes a l
charging current. This behaviour is consistent with the conversion at 0.2V from the
insulator leucoemeraldine to the conducting emeraldine salt in Scheme 2.1.
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Cyclic voltammograms recorded during the related polymer growth on an ITO-coated
electrode are very similar to those shown in Figure 2.14, but the successive oxidations
are shifted to more positive potentials (ca. 0.3 and 0.85V, respectively) due to the greater
electrical resistance of the glass substrate.
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Figure 2.13. CD spectra of PAn.(+)-HCSA generated from a solution of
aniline (0.2 mol dm' ) and (+)-HCSA (1.0 mol dm)
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2.3.3. Electrochemical

characterisation of polymers after

growth
2.3.3.1. Cyclic Voltammetry (CV)

Cyclic voltammetry has been used to investigate the electrochemical behaviour an
activity of the emeraldine salts grown under different conditions. Figure 2.15 shows the
cyclic voltammogram of a potentiodynamically grown film of PAn.(+)-HCSA in 1.00
mol d m - 3 (+)-HCSA (first and 20th scans only shown). This confirms that the polymer
electroactivity is not significantly changed after 20 scans.

E(V)
Figure 2.15. Cyclic voltammogram
mol dm,-3 (+)-HCSA:

obtained for a PAn.(+)-HCSA

film in 1.0

(a) first scan, (b) 20th scan. Scan rate 50 mVs'l.

2.3.3.2. Electrochemical Quartz Crystal Microbalance (EQCM).

EQCM is a useful method used for the concurrent study of mass and current changes
polymers during oxidation and reduction. A film of PAn.(+)-HCSA was deposited onto
the gold electrode of the E Q C M apparatus from an aqueous solution containing 0.2 mol
dm" 3 aniline and 1.0 mol dm" 3 (-t-)-HCSA by oxidation at 0.82 V vs Ag/AgCI.

Figures 2.16 (one oxidation peak) and 2.17 (two oxidation peaks) show the mass an
current changes of thesefilmsas the potential is scanned from -0.2 to 0.7 and 0.85 V
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{vs. Ag/AgCI). These simultaneous cyclic voltammograms and massograms are similar
to those reported by Buttry et al. [128] for PAn.HS04 in 1.0 mol dm"3 aqueous H2SO4

solution and by Barbero et al [130] for PAn.HCl in 0.1 mol dm"3 HCI
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The E Q C M results in Figures 2.16 and 2.17 give direct evidence and support for anion
and proton insertion and expulsion during the redox cycling of PAn.(+)-HCSA, as

proposed earlier in Scheme 2.1. In the anodic sweep, the initial oxidation process at
0.3V is accompanied by a large increase in mass (between 0.3 and 0.7V). This is
consistent with predominant insertion of a CSA" anion into the polymer to compensate

for the positive charge generated in this initial oxidation to the emeraldine salt (1)
(Scheme 2.1). The second oxidation peak, in contrast, is accompanied by a decrease in
mass (commencing at ca. 0.7V). This decrease in mass can be explained as a result of

deprotonation of nitrogen atoms in the polymer chain during the course of oxidation to

the neutral imine (pernigraniline) form. As Scheme 2.1 shows, this deprotonation shoul
be accompanied by the release of charge compensating CSA" anions from the polymer
film.

In the subsequent cathodic sweep, initial reduction of the polymer back to the emeral
salt form (1) is accompanied by CSA" anion (and proton) incorporation, causing the

observed increase in mass. At potentials lower than 0.5V, further reduction involves t
expected expulsion of the CSA" anion.

2.3.3.3. Cyclic Resistometry (CR)

Figure 2.18 shows the in-situ cyclic resistometry (CR) of PAn.(+)-HCSA on a glassy
carbon electrode in 1.0 mol dm-3 (+)-HCSA. As indicated in Scheme 2.1, polyaniline is

known to have three different oxidation states, a fully reduced form (leucoemeraldine)

half oxidised form (emeraldine) and a fully oxidized form (pernigraniline). The cyclic
resistometric data in Figure 2.18 show that these three different forms of PAn. (+)HCSA have different resistance (conductivity). In its fully reduced (leucoemeraldine)
form, PAn (-i-)-HCSA is highly resistive. When the polymer is oxidized it becomes

initially less resistive, but upon further oxidation becomes more resistive. These ch

in resistivity are consistent with initial oxidation to the emeraldine salt form cont

radical cations (polarons) on the polymer chain. Upon further increasing the potential

the polymer structure changes to the fully oxidized perniganiline form which is an
insulator, and the polymer therefore becomes more resistive.
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Figure 2.18. CV and CR obtained for PAn. (+)-HCSA film in 1.0 mol dmr3 (+)-

HCSA.
2.3.4 De-doping/doping of chiral PAn.HCSA salts
2.3.4.1 De-doping/doping via cyclic voltammetry

As discussed in the EQCM studies in section 2.3.3.2 above and in related stu

others [128] the reversible electrochemical reduction and re-oxidation of PA

believed to be accompanied by anion (X") release and uptake, respectively (e

(depending on the potential, some proton release and uptake also occurs). Cyc

voltammetric experiments on optically active PAn.(+)-HCSA or PAn.(-)-HCSA) f
the presence of other acids HA may therefore provide a convenient method to
the chiral anion in such polymers with other anions A"(eqn. 2.3), providing

on the effect of such exchanges on the chiroptical properties of the polymers

PAn. H X + e

^=F

Emeraldine salt

PAn-e + A~ =^:

PAn + X

(2.2)

Emeraldine base

PAn. H A

(2.3)
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In initial studies, a film of optically active PAn.(+)-HCSA salt grown potentiostatically
on ITO-coated glass (1.1 V v i Ag/AgCI) was placed in a 1.0 mol dm" 3 aqueous H C I
solution and the potential cycled between -0.2 and 1.0 V for 40 min at 50 mV/s. The
absence of a C D band at 300 n m for the (+)-CSA" anion in the final polymer confirmed
that the C S A " group had been replaced by Cl"(Figure 2.19).

However, very

significantly, the visible C D spectra of the film before and after the anion exchange were
qualitatively very similar, both exhibiting a negative C D band at ca. 450 n m and a
positive C D signal at higher wavelengths (Figure 2.19).
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Figure 2.19. CD spectra of (black)-PAn.(+) HCSA
glass grown

deposited on ITO-coated

using constant potential at 1.1 V vs. Ag/AgCI and (red)- after 40

minute CV between -0.2 to 1.0 V (at 50 mV/s) in 1 mol dmr^ HCI

(Films were

grown on two separate ITO- coated glass electrodes).
The optical activity found for the PAn. HCI film, despite the removal of the CSA" anion,
suggests that the initial asymmetric conformation of the polymer backbone is retained
when C S A " is replaced by Cl". In contrast, in earlier studies (Section 2.3.1) removal of
(+)-HCSA from a PAn. (+)-HCSA film by treatment with the strong base pyrrolidine
gave a blue solution of emeraldine base which exhibited no circular dichroism.
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Presumably, in the solid state (as with samples for cyclic voltammetry), the polymer

chains do not have the flexibility to rearrange to optically inactive forms upon rem
the CSA" anion. This suggests that CV experiments on such chiral PAn. (+)-HCSA salts
may produce chiral "holes", which retain their shape during a series of
reduction/oxidation cycles.

Further evidence supporting this hypothesis came from an experiment in which a film o
PAn. (+)-HCSA on rTO-coated glass was placed in aqueous 1 mol dm"3 (-)-HCSA and

the potential cycled between -0.2 and 1.0 V for 40 min (scan rate 50 mV/s). The visib

CD spectra for the polyaniline films are very similar before and after treatment (bot
exhibiting a strong negative CD band at ca. 450 nm, (Figure 2.20). However,
replacement of the (+)-CS A" anion by (-)-CS A" is confirmed by the disappearance
positive CD band for (+)-CSA" at 295 nm and the appearance of an associated negative
band for (-)-CSA'. Once again, in the solid state the polymer backbone has therefore

retained its original asymmetric conformation during a series of redox cycles in whi
(+)-CSA" counter ion is replaced by (-)-CSA".

The possibility of the generation of a chiral hole during the redox cycling of PAn.(+
HCSA or PAn.(-)-HCSA) salts, and the potential ability to discriminate between the

opposite hands of chiral anions is further examined in Chapter 5 where such optically
active polyaniline films are employed as chiral membranes.
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Figure 2.20. CD spectra of (black) PAn.(+) HCSA deposited on ITO-coated
glass using constant potential at 1.1 V vs. Ag/AgCI. Charge consumed 140
mC cm-2; and (red)- after 40 minute CV between -0.2 to 1.0 V vs Ag/AgCI (at
50 mV/s) in 1.0 mol dm'3 (-)-HCSA.
2.3.4.2. Chemical doping/de-doping. Production of optically active
emeraldine base films
De-doping of PAn.(+)-HCSAfilmswas also alternativly examined via chemical treatment
with aqueous ammonium hydroxide. Partial de-doping of PAn.(+)-HCSA via treatment
with dilute N H 4 O H has recently been reported by Havinga et al. [162].
As described below, w e have now found that PAn.(-)-HCSA films can be almost fully
de-doped to the emeraldine base form via treatment with more concentrated N H 4 O H (0.5
mol dm" 3 ) and that a series of re-doping/de-doping experiments can be carried out (with
(+)-HCS A / N H 4 O H ) while retaining the original chiral configuration of the polyaniline
chain(s).
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A greenfilmof PAn.(-)-HCSA prepared potentiostatically(l.l V, Q = 140 m C cm" 2 ) on
ITO-coated glass was placed in aqueous 0.5 mol dm" 3 N H 4 O H for 10 min, removed and

air dried. The film changed in colour from green to blue and its uv-visible spe
(Figure 2.21; Xmax ca. 640 and 360 n m ) confirmed that the original PAn.(-)-HCSA salt
had been largely dedoped by the N H 4 O H to the neutral emeraldine base form. These
new bands are at significantly lower wavelengths than those found by Havinga et
al.[162] for a partially de-doped PAn.(+)-HCSA film, and are very close to those
previously reported by others [162] for emeraldine base film (Xmax

350 and 660 nm).

Havinga et al. [162] did not specify the concentration of N H 4 O H they employed for dedoping, merely referring to it as "diluted".

900

l(nra)
Figure 2.21. Uv-visible spectra of polyanilines (grown electrochemically in
0.10 mol dm'3

(+)-HCSA

using a constant potential of 1.1 V vs. Ag/AgCI;

charge consumed 140 mC cm'2) after (a) dedoping with 0.5 mol dm'3
and (b) redoping with LO mol dm'3

NH40H,

HCI.

The C D spectrum for the emeraldine base produced via de-doping with 0.5 mol dm" 3
N H 4 O H is shown in Figure 2.22, where it is compared with the original PAn.(-)-HCSA

salt. Retention of strong optical activity in the emeraldine basefilmcontrasts with the
earlier dedoping with the base pyrrolidine, where dissolution of thefilmoccured and the
resultant emeraldine base was optically inactive.

Figure 2.22. CD spectra of (black) PAn.(-)-HCSA

deposited on ITO coated

glass using constant potential at 1.1 V vs. Ag/AgCI; and (red)- after treatment
10 min..
with 0.5 mol dm'3 NH40Hfor

As discussed above in the cyclic voltammtery de-doping experiments, rearrangment
the polymer backbone to an optically inactive form does not occur in the solid state during
dedoping with N H 4 O H . The polymer chains apparently maintain their configuration
during de-doping, suggesting that a "chiral hole" is formed.

Support for the latter hypothesis comes from re-doping experiments with (-)-HCS
Treatment of the above emeraldine base film with aqueous 1.0 mol d m - 3 (+)-HCSA or
HCI for 10 min regenerated the uv-visible spectrum of the polyaniline salt (A,max8 3 5 and
380 nm). Most significantly, the C D spectrum of the original PAn(-)-HCSA film was
regenerated (Figures 2.23 and 2.24). Therefore the asymmetric conformation of the
polymer chains is unaltered by this de-doping/re-doping sequence.

Figure 2.23. CD spectrum of optically active emeraldine base film (initially
obtained by de-doping PAn.(-)-HCSA with NH4OH) after 10 min. re-doping in
1.0 mol dm'3 HCI
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Figure 2.24 CD spectrum of optically active emeraldine base film after 10
min. re-doping in 1.0 mol dm'3 (+)-HCSA.
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Figure 2.25. Circular dichroism spectra of PAn.(-)-HCSA (deposited on ITOcoated glass using constant potential at 1.1 V vs. Ag/AgCl):(a) initial
spectrum, (b) after dedoping with 0.5 mol dm'3 NH4OH,
(c) after redoping
with 0.1 mol dm'3 HCI, (d) after dedoping with NH4OH

(0.5 mol dm'3),

and

(e) after redoping with 1.0 mol dm'3 (+)- HCSA

The above chemical de-doping/re-doping sequence could be repeated several times
alternating treatment with 0.5 mol dm" 3 N H 4 O H and 1.0 mol dm" 3 H C S A ) , thereby
cycling thefilmbetween the optically active PAn.HCSA salt and emeraldine base forms.
However, the intensity of the C D spectra gradually decreased due to partial removal of
thefilmfrom the ITO-coated glass substrate with each treatment cycle (Figure 2.25).

2.4. CONCLUSIONS

The first and remarkably facile synthesis of optically active polyaniline has b
via the enantioselective electropolymerization of aniline onto different substrates from
aqueous solutions containing (lS)-(+)- or (lR)-(-)- camphorsulfonic acid (HCSA).
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T h e dark green films of conducting emeraldine salt formed using methods such as

potentiostatic, potentiodynamic or galvanostatic polymerization exhibit strong circu
dichroism (CD) spectra typical of polymers possessing helical chirality.

The qualitative reversal of the CD spectrum for the salt grown in (+)-HCS A as oppose

to (-)-HCSA suggests that the electropolymerization is highly enantioselective, wit

helical screw of the polymer chain being preferentially produced depending on the ha
of the CSA" anion incorporated.
The electrochemical behaviour of the new polymers were determined using CV, EQCM
and CR techniques.
The influence of potential on the electropolymerization was examined with various

applied potentials between 0.8 and 1.1 V vs. Ag/AgCI. It was found the intensity of t
CD band of the resultant polymer is strongly dependent on the applied potential.
Dedoping/doping of PAn.(+)-HCSA was carried out via cyclic voltammetry in 1 mol
dm"3 HCI. Replacement of the (+)-CSA" anion by Cl" was confirmed by the
disappearance of the CD band at 300 nm associated with the (+)-CSA" ion. However,
the CD spectra of the film before and after the anion exchange are very similar,
suggesting that the asymmetric conformation of the polymer backbone is retained when

CSA" is replaced by Cl". Similar retention of polymer configuration was indicated fr
CV exchange studies in 1.0 mol dm"3 (-)-HCSA.
Chemical de-doping of PAn.(+)-HCSA was also carried out using 0.5 mol dm"3
NH4OH to give an optically active emeraldine base for the first time. This was then
redoped with HCI or (-)-HCSA. The CD spectra obtained indicated that the asymmetric
conformation of the polymer chain was again unaltered by the de-doping and re-doping
sequence.

CHAPTER 3
CHEMICALLY SYNTHESISED CHIRAL
POLYANILINE
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3.1. INTRODUCTION
Protonation and doping of emeraldine base (EB) with protonic acids (eg. HCI, HCIO4,

HOAc, racemic HCSA, etc.) has been studied extensively by others as a route to achiral
polyaniline salts (1) (eqn. 3.1) [162,186, 188]. In this Chapter we explore the acid
doping of emeraldine base with (+)- and (-)-HCSA as an alternative chemical route to
optically active polyaniline (1).
H H H H

J O N - Q^i- Q-N= Q = N^+ HA

*~ K > i " O H n „ ,.
A

EB

w • 1)

(1)

As opposed to the electrochemical polymerization route described in Chapter 2, chemica

doping of emeraldine base with (+) or (-)-HCSA provides a facile route to optically a

polyanilines both in solution and as films cast from these solutions. The absorption a
CD spectra of these chemically generated PAn.HCS A polymers are described as well as
the electrochemical behaviour of the films deposited on ITO-coated glass.

Studies in various solvents using (+)-HCSA as the common dopant acid show that both

the uv-visible and CD spectra of the derived polyaniline salts are very dependent on t
nature of the solvent employed. In the case of mixed chloroform/m-cresol solvents, CD
spectroscopy provides evidence of conformational changes occurring in the PAn.(+)HCSA polymer as the chloroform : /n-cresol ratio is varied. Parallel studies are also

described of the conductivity and mechanical properties of free standing films prepare
from emeraldine base (EB) doped with (-t-)-HCSA.

3.2. EXPERIMENTAL
3.2.1. Materials
Aniline was distilled under atmospheric pressure prior to use. Ammonium persulphate

and other chemicals were purchased from Aldrich and used without further purification.
All solutions were prepared using Milli-Q water.
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3.2.2. Emeraldine base preparation
Emeraldine base powder was synthesised as a dark blue/black powder using two
different procedures:
3.2.2.1. Procedure A

Aniline was oxidized with ammonium persulphate, (NH4)2S208, according to a reporte
procedure [108]. 20 ml of aniline was dissolved in 250 ml H C I (1.7 mol dm" 3 ) and the
solution was cooled to between 0 and -5 °C. A solution of 45.6 g a m m o n i u m
persulphate in 250 ml of H C I (1.7 mol d m - 3 ) was then added dropwise with vigorous
stirring over 1 hr. Stirring was continued for a further 3 hr, at which time the precipitate
of the emeraldine.HCl salt was collected on a buchner funnel and washed continuously
with water until the filtrate became colourless. It was then washed three times with
methanol/ H 2 O and dried at 60 ° C for 24 h.

The neutral emeraldine base form of polyaniline was obtained by stirring the salt
ml of 3 % N H 4 O H solution for 2 hr. The precipitate was collected on a buchner funnel
and washed with water until the filtrate became colourless. It was then dried under
dynamic vacuum for 24 hr at room temperature and then 4 hr in an oven at 60°C.

3.2.2.2. Procedure B

This procedure was a modification of that described in A above. Aniline (10 mL) was
dissolved in 600 ml H C I (1.00 mol d m " 3 ) and the mixture cooled to below 4°C. A
solution (200 m L ) of 5.6 g (NH4)2S208 in 1 mol d m - 3 H C I was added dropwise over a
period of 1 hr with vigorous stirring. After 3 hr the precipitate was collected on a
buchner funnel and washed with four 100 ml portions of 1.00 mol d m - 3 HCI. The
precipitate of emeraldine hydrochloride was transferred into a beaker containing 1.00
mol d m - 3 H C I and the mixture stirred at room temperature for 4 hr, followed by
filtration. The emeraldine hydrochloride was converted into the base form by stirring in
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500 m l of 0.1 mol d m " 3 N H 4 O H for 3 hr. at room temperature. The base powder was
collected by filtration and dried in an oven at 60°C for 48 hr.

3.2.3. Solution preparation for uv-visible and CD spectral
studies

A stock solution of the PAn.(+)- or (-)-HCS A salt was prepared by vigorously shak
neutral emeraldine base (5 m g ) for 15 min. in 50 ml of the appropriate solvent ( N M P ,
D M F , D M S O or C H C I 3 ) containing 0.001- 1.00 mol d m " 3 (+)- or (-)-HCSA. The
mixture was then filtered through no. 42 W h a t m a nfilterpaper to remove any traces of
undissolved material, and the uv-visible and C D spectra immediately measured. In some
cases the uv-visible and C D spectra were also recorded at longer time intervals.

3.2.4. Casting of films from solutions

In order to obtain solutions suitable for casting films of PAn.HCSA, the acid dopin
emeraldine base was carried out under different conditions to those described in 3.2.3
above. Solid emeraldine base (EB) and (+)-or (-)-HCSA were ground together in a 2:1
molar ratio (dopant anion : E B tetrameric repeating unit) and then dissolved by vigorous
stirring for 4 hr. in the appropriate solvent ( N M P , D M F , D M S O or CHCI3). The
solution wasfilteredthrough no. 42 Whatmanfilterpaper. A small amount of the filtrate
was then placed on an ITO-coated or normal glass slide using a pipette. Drying for 6 hr.
in an oven at 60°C ( N M P and D M S O ) or for 24 hr. at room temperature ( D M F and
CHCI3) gave thin green films of the chiral emeraldine salts.

3.2.5. Uv-visible and CD spectra

Circular dichroism spectra of polymer solutions or films were recorded on a Jasco-5
spectropolarimeter or a Jobin-Yvon Dichrograph 6. Uv-visible spectra were measured
with a Shimadzu UV-265 spectrophotometer.
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3.2.6. Cyclic voltammetry

Cyclic voltammetric studies of the polymer films were carried out in 1 mol dm-3 HCSA
solution using ITO-coated glass as the working electrode (ca. 1-2 c m 2 surface area).
Ag/AgCI and R V C were the reference and auxiliary electrodes, respectively, and a scan
rate of 50 m V s"l was employed. The electrochemical instrumentation was described in
Chapter 2.

3.2.7. Preparation of free-standing films of polyaniline

Free-standing films of emeraldine base were prepared via a modification of a previo
reported procedure [108]. Finely ground emeraldine base powder (1 g) was stirred
magnetically in 40 m l of N M P at room temperature for 6 hr. After this time the intense
blue solution was filtered through a Buchner funnel (Whatmanfilterpaper no. 41 first
and then no. 42 ). This gave a clear, intensely dark-blue solution. T o cast a film from
this solution, a layer of the liquid was poured over a piece of glass which was previously
cleaned. For example, a small piece of glass (8 c m x 8 ) c m m a y be completely coated by
3.5 m l of the solution, giving a film with a thickness of 14-16 fim. The coated glass was
then dried in an oven at 60-70 °C for 4-6 hr. It could then be easily peeled from the glass
substrate by immersion in water for 5 min. The film was then washed with distilled
water to remove traces of N M P .

The shiny bronze coloured film obtained was non-conductive. However, an electricall
conductive polyaniline saltfilmcould be obtained via immersion of the emeraldine base
film in (+)-HCSA (1.0 mol dm" 3 ) for 48 hr.

3.2.8 Free-standing film characterization
3.2.8.1. Conductivity via four point probe method

This method was employed to measure the volume resistivity of the conducting polyme
films, which was then used to calculate film conductivity.

The dry state electrical
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conductivity of conducting polymer samples prepared as free standing films were
measured using an A S T M (D4496-87) standard method. This method can be applied to
all materials that exhibit volume resistivity in the range of 1- 10^ Q-cm. In this method, a
current of between 0.5 to 1 m A is applied and the potential is measured between two
inner electrodes of k n o w n separation. The measured potential is used to calculate volume
resistivity and hence conductivity of the polymer film. The four point probe is used to
determine the volume resistivity, R v , of the conducting polymerfilm,as shown below :

X.Y
Rv=

AE
(flcm)

x
Z

I
(Jv =

i

Scm"1 (or Q. cm"1)
Rv

where:
Z = distance between potential electrodes (cm),

i = current applied between outer electrodes (mA),
X = thickness of the conducting polymer film (cm),

Y = width of the conducting polymer film (cm),

DE = potential difference over inner electrodes (mV).
In this work, a four point probe (standard design) provided by the University of
Technology, Sydney, was used for measuring the dry state conductivity. A very accurate
digital multimeter was employed to measure the potential. T h e film thickness was
measured using a digital micrometer (Mitutoyo) with a resolution of 1 [im.
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3.2.8.2. Tensile strength of films

Tensile strength is defined as the maximum force or load per unit area before breakin
is often used as a mechanical property to characterize polymers. Tensile strength is
measured by holding the sample in the jaws of a tensile testing machine while it is
extended at a constant steady rate by applying a suitable load. The force developed is
recorded versus time until the sample breaks, and tensile strength is calculated from the
formula below,
F

TS (stress) =
A
where TS is tensile strength (MPa), F is the force or maximum load (Newton), and A is
the cross-sectional area [A= thickness(mm) x width (mm)].

Mechanical testing in this work was carried out using a universal testing machine (In
4302) at room temperature with a strain rate of 1 mm/min. The specimen wasfirstcut
into suitable dimensions (0.5 c m x 5 c m ) and then held in the jaws of a 100 Newton
tensile cell using adhesive tape.

3.3. RESULTS AND DISCUSSION
3.3.1. Generation of optically active PAn.(+)-HCSA or PAn.
(-)-HCSA in solution

In an initial experiment, a small amount of neutral emeraldine base (EB) was dissolve
N-methylpyrrolidinone ( N M P ) solvent containing 0.1 mol d m " 3 (+)-HCSA. This
generated a deep green solution characteristic of protonation/doping of the emeraldine
base (eqn 3.2). Complete consumption of the initial emeraldine base (EB) was confirmed
by the absence of its characteristic absorption band at ca. 630 nm.
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+ HCSA

4<gH^^N=o-}7

(1; A = CSA") (3.2)

EB
The uv-visible spectrum of the solution (Xmax at 790, 440, 350 n m , Figure 3.1) was

very similar to that previously reported [188-191] for the HCI salt of polyanil
confirming formation of an emeraldine salt of type 1, A " = (+)-CSA").

Most

significantly, distinctive C D bands were observed at ca. 800, 700, 450 and 390 n m
associated with these visible absorption bands (Figure 3.2).
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Figure 3.1. Uv-visible spectra of polyaniline salts (1) generated
emeraldine base (EB) in 0.10 mol dm'3 (+)-HCSA in CHCI3 (—), DMF

(

)

or NMP (---).

In contrast, a solution of EB in NMP containing 0.1 mol dm"3 (-)-HCSA produced a
miiTor imaged C D spectrum (Figure 3.2). This indicates that the protonation/doping of
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E B in enantioselective, with one or other helical screw of the polymer chain being
adopted, depending on which hand of the C S A " anion is incorporated. The visible C D
bands do not arise from the (+)-CSA" anion itself, which has an absorption peak at 295
nm.
The C D and uv-visible spectra obtained soon after dissolving E B in N M P / (+)-HCSA
or
(-)-HCSA solutions were relatively insensitive to the concentration of acid employed over
the range [HCSA] =0.01-1.00 mol dm" 3 (eg. see uv-visible changes in Figure 3.3). This
suggests that protonation/doping has reached its maximum extent within a few minutes at
an acid concentration of 0.01 mol dm" 3 . Similar C D and uv-visible spectra were also
generated with [ H C S A ] = 0.001 mol d m " 3 ; however, in this latter case
protonation/doping was slower, occurring over a period of ca. 30 min.

mO
(-)HCSA

+5

(+)HCSA
400

500

600

700

800

nm
Figure 3.2. Circular dichroism spectra of polyaniline salts PAn.(+)-HCSA
generated from EB dissolved in NMP
(
) or (-)-HCSA (
).

containing 0.10 mol dm'3 (+)-

(1)

HCSA
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3.3. Uv-visible

spectra

of PAn.(+)-HCSA

salt in various

concentrations of (+)-HCSA in NMP after 20 min (
) 0.00 mol dm'3,
(3
3
) 0.001 mol dm-3, (
) 0.01 mol dm' , (-—) 0.1 mol dm' , and (-x-x-).l.OO
mol dm'3

(+)-HCSA.

Acid doping of EB with (+)- and (-)-HCSA to give optically active polyanilines
also occurs in a range of other solvents. For example, the C D spectra obtained with 0.10
mol d m - 3 (+)- and (-)-HCSA in D M F are shown in Figure 3.4. These C D spectra are
somewhat different and more intense than those in N M P solvent, especially at longer
wavelengths. This is consistent with the differences observed in the respective uv-visible
absorption spectra in D M F and N M P solvents (Figure 3.1). Earlier spectroscopic studies
[190, 191] revealed similar solvent effects upon the uv-visible spectra of chemically
generated PAn.HCl salts.
Very similar C D spectra to those in Figure 3.4 were obtained upon dissolving E B in
D M S O solutions containing 0.1 mol d m " 3 (+)- or (-)-HCSA (Figure 3.5), confirming
comparable protonation/doping in D M F and D M S O . Similar C D spectra were also
generated using C H C I 3 as the solvent for protonation/doping (see Figure 3.7 later).
Shifts in the C D bands with solvent were again associated with differences in the uvvisible spectra (Figure 3.1).
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Figure 3.4. Circular dichroism spectra of polyaniline salt (1) generated fr
EB dissolved in DMF

400

containing 0.10 mol dm'3 (+)- HCSA (
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Figure 3.5. Circular dichroism spectra of polyaniline salt (1) generated fr
EB dissolved in DMSO

HCSA (

).

ontaining 0.10 mol dm'3 (+)- HCSA

(

) or (-)-
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3.3.2. Solvent-mediated

conformation

changes

in

chiral

polyaniline

A striking feature of the uv-visible spectral data in Figure 3.1 and Table 3.1 for
H C S A in various solvents is the large red shift (85 n m ) experienced by the highest
wavelength visible band upon changing solvent from C H C I 3 to N M P . This band has
been attributed [186] to a localised polaron absorption. A similar red shift is seen for the
highest wavelength C D band of PAn.(+)-HCSA when the solvent is changed from
C H C I 3 to N M P

. This solvatochromism indicates a change in polymer conformation

and a longer conjugation length in N M P solvent compared with CHCI3.
Table 3.1. UV-visible spectrum
various solvents via doping ofEB

Solvent

of PAn.(+)-HCSA
with

salt (la) generated in

(+)-HCSA.

Solution A. max (run)

CHCI3

700,440, 365

DMF

730,440, 360

DMSO

745,438, 352

NMP

785, 425, 340

Several recent papers have reported remarkable effects of m-cresol solvent upon the
spectroscopic and physical properties of polyanilne salts formed by the
protonation/doping of emeraldine base(EB) with racemic (+)- or (-)-HCSA [188-192].
For example, major changes in the uv-visible spectra of such PAn.(±)-HCSA salts were
observed upon changing solvent from chloroform to m-cresol [190, 192]. Most
significantly, the high wavelength localised polaron band at ca. 700 n m in C H C I 3 is
replaced by an intense free carrier tail in the near IR. These spectral changes, together
with parallel changes in viscosity were rationalised in terms of a "compact coil"
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(chloroform) to "expanded coil" (/w-cresol) conformational change arising from
"secondary doping" by the m-cresol [190, 192]. Cao and Smith have also recently
reported [191] that EB protonated with (+)- or (-)-HCSA forms liquid-crystalline
solutions in m-cresol. This was similarly explained on the basis of a rod-like chain
conformation for the protonated polyaniline in the latter solvent.

These suggested solvent-mediated conformational changes of polyaniline salts have

important implications for the processing and potential applications of the conducti

polymers. However, conclusions to date have generally concerned the tertiary structur
of the polymer rather than the secondary structure.

Circular dichroism (CD) has proved to be a very sensitive spectroscopic probe for
conformational changes in optically-active polymers such as peptides [193]. Our

discovery of optically-active polyanilines in this thesis has therefore led us to ex

use of CD spectroscopy as a probe for the conformational changes in polyaniline salts

arising from solvent variations, in particular in chloroform/m-cresol solvent mixture
A stock solution of the PAn.(+)-HCSA salt (la) was prepared by dissolving neutral
emeraldine base in chloroform solvent containing 0.1 mol dm"3 (+) HCSA and filtering

to remove any traces of undissolved material. Dilution of this stock solution with va
amounts of 0.1 mol dm"3 (+)-HCSA in m-cresol gave solutions containing between 0%
and 60% m-cresol. Their uv-visible (Figure 3.6) and CD spectra (Figure 3.7) were
recorded within 30 min. of mixing, as were those of a separate solution of PAn.(+)HCSAin 100% m-cresol (0.1 mol dm"3 (+)-HCSA)
The uv-visible spectral data in Figure 3.6 and Table 3.2 reveal similar changes with
solvent composition to those reported by MacDiarmid and Epstein [191] for films of
related polyaniline salts with racemic (±)-HCSA cast from chloroform or m-cresol. In

chloroform, the PAn.(+)-HCSA salt exhibits localised polaron absorptions at 700 nm a
360 nm, together with a shoulder at 440 nm. The high wavelength polaron band at 700
nm shifts progressively to higher wavelengths with increasing proportion of m-cresol
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solvent. From 2 0 % m-cresol onwards this bathochromic shift is also accompanied by a
pronounced decrease in extinction coefficient (Figure 3.6). Thus, in > 6 0 % m-cresol the
originally strong peak at 700 n m in C H C I 3 is replaced by a broad, relatively weak band at
> 840 nm. Increasing m-cresol content in the solvent also causes progressive, but less
pronounced, changes to the two lower wavelength bands of PAn.(+)-HCSA, eg. a
moderate increase in intensity of the localised polaron band at ca. 360 n m (Figure 3.6,
Table 3.2).
Table 3.2. Uv-visible spectra of PAn.(+)-HCSA

salt (la) in

CHC13/m-cresol

mixtures.

CHCl3/m-cresol

^max(nm)

(volume % )
100/0

700,

440 sh,

365.

95/5

732,

432 sh,

360.

90/10

748,

430 sh,

360.

80/20

765,

428 sh,

360.

60/40

800,

425 wsh,

360.

40/60

840 br, 425 wsh, 360.

0/100

875 br, 400 br.

Most dramatic and structurally informative, however, is the effect of added m-cresol on
the C D spectra of PAn.(+)-HCSA (Figure 3.7). The C D spectrum in chloroform solvent
(0.1 mol d m " 3 (+)-HCSA) exhibits strong C D bands at 700, 635, 450 and 393 nm,
which correspond to the visible absorption bands at 700, 440 and 365 nm. The C D
spectra in 9 0 % C H C l 3 / 1 0 % m-cresol and 8 0 % CHCl3/20% m-cresol show, as expected,
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a progressive shift to higher wavelength for the two higher wavelength C D bands.
However, with further increase in the proportion of m-cresol solvent, a marked decrease
in intensity occurs for all of the original C D bands, being almost complete in 6 0 % mcresol. This was anticipated for the higher wavelength C D band because of the parallel
changes in the uv-visible spectrum. However, the disappearance of the low wavelength
(470-320 n m ) C D bands, which was total in 100% m-cresol, was quite unexpected. The
intensities of the associated absorption bands in this latter region actually increase with
increasing m-cresol solvent component (Figure 3.6).
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Figure 3.6. Uv-visible spectra of PAn.(+)-HCSA salt in various mixtures of
CHCl3/m-cresol containing 0.1 mol dm'3 (+)-HCSA (spectra normalised to a
uniform salt concentration). 100% CHCl3(—),
90% CHCl3/10%
m-cresol
(
)t 80% CHCl3/20% m-cresol ( ), 60% CHCl3/40% m-cresol, (-—), 40%
CHCl3/60%

m-cresol (-x-x-).
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Figure 3.7. Circular dichroism (CD) spectra of PAn. (+)- HCSA
mixtures of CHCl3/m-cresol containing 0.1 mol dm~3 (+)-HCSA :
CHC13 (—), 90% CHCl3/10% m-cresol (-—), 80% CHCl3/20% m-cre
(
), 60% CHCl3/40% m-cresol (-x-x-), 40% CHCl3/60% m-cresol
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Figure 3.8a. Cisoid helical conformation for PAn. HA salts (right hand screw
only shown).

H H H

Figure 3.8b. Transoid planar, zigzag conformation for PAnMA salts.
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These solvent-mediated C D changes must reflect marked structural changes in the

polyaniline salt. In particular, the absence of optical activity in solutions contain
60% m-cresol indicates the loss of the macromolecular asymmety of the polymer
backbone indicated from our previous studies in solvents such as CHCI3, DMF, DMSO
and NMP [194]. It was postulated in Chapter 2 from molecular model studies that
polyaniline salts such as PAn.(+)-HCSA may possess helical segments which are
+ •
maintained by the chiral C S A " anion Unking — N — and — N ~ centres three dimeric

H H

repeating units apart along the chain. This would involve electrostatic binding of th
+ •
S O 3 group to an ( N H ) centre, together with H-bonding between the carbonyl group of

CSA" and an NH site. Both of these latter binding interactions would be expected to be
diminished as CHCI3 solvent is progressively replaced by the more polar and strongly

bonding m-cresol, resulting in the collapse of the helical structure. The above CD re
therefore suggest that increasing the m-cresol content of a chloroform solution of
PAn.(+)-HCSA not only results in a rearrangement from a "compact coil" to an
"expanded coil" structure, but that at the molecular level there is a conformational
of helical cisoid fragments of the polymer chain (Figure 3.8a) possibly to a transoid
planar zigzag conformation (Figure 3.8b).
In another experiment PAn.(+)-HCSA was prepared in MeOH, and uv-visible and

circular dichroism recorded as described in the previous section. As Figure 3.9 shows

the uv-visible spectrum of this solution G\max at 765, 4380, 350 nm) was very similar
that obtained for PAn.(+)-HCSA in DMSO, but less intense This may be due to the
lower solubilty of PAn.(+)-HCSA in MeOH. Interestingly no CD bands were observed
for the PAn.(+)-HCSA in MeOH even after 12 hr. This absence of macromolecular
asymmetry for PAn.(+)-HCSA in the strongly H-bonding MeOH solvent may arise for
similar reasons to those discussed above for m-cresol.
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Figure 3.9. Uv-visible spectra of polyaniline salt (la) generated from
emeraldine base (EB) in 0.10 mol dm'3 (+)-HCSA

in MeOH.

3.3.3. Casting optically active PAn. HCSA films.

As detailed in the Experimental (section 3.2.4), thin green films of PAn.(+)-HCS
and PAn.(-)-HCSA (lb) can be readily cast onto ITO-coated glass from doping
solutions of the type generated in section 3.3.1 above in each of the solvents N M P ,
D M F , D M S O and CHCI3.

The uv-visible spectra of these films confirm the formation of the polyaniline s
each case. This is evidenced by the appearance of the three absorption bands
characteristic of (la) (at 825, 420 and 345 n m when cast from D M S O - Table 3.3,
Figure 3.10) and the absence of the band at ca. 630 n m associated with the initial neutral
EB. Unlike the solutions from which they were cast, the uv-visible spectra of the salt
(1) films show only small variations with the nature of the solvent (Table 3.3). The
most marked difference between the film and solution spectra is the large red shift (55130 nm, depending on solvent) experienced by the highest wavelength visible band. The
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red shift of this localised polaron absorption indicates a change in polymer conformation
and a longer conjugation length in thefilmscompared with the solutions.

The circular dichroism spectra of the cast films (Figures 3.11 - 3.14) confirm the
production of optically-active salts (1) from each of the solvents N M P , D M F , D M S O
and C H C I 3 . Particularly significant are the mirror-imaged C D spectra observed for salts
(la) and (lb) cast from solutions containing (+)- and (-)-HCSA, respectively. This
reaffirms the enantioselectivity observed above (section 3.3.1 ) in solution for these
doping reactions. The visible region C D bands in Figures 3.11-3.14 correspond with the
strong absorption bands observed in the associated uv-visible spectra (Figure 3.10, Table
3.3). They do not arise from the presence of the optically-active C S A " ion in the salt,
since this anion exhibits only an ulttaviolet region C D band at 295 nm.
Table 3.3. Uv-visible spectra of PAn.(+)-HCSA salt (la) in solution and as
cast films.

Solvent

Solution X max Film X max(nm)

Redshift (Anm) for

(nm)

high X band

CHCI3

700, 440, 365

830, 435, 360

130

DMF

730, 440, 360

825, 435,355

95

DMSO

745, 438, 352

825, 425, 347

80

NMP

785, 425, 340

840, 430, 355

55

The C D spectra of the films are more sensitive to the nature of the solvent employed for
doping than are the associated uv-visible spectra, but overall show similar features.
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Figure 3.10. Uv-visible spectrum of the polyaniline salt (la) cast from a 2:
mixture of(+)-HCSA and EB in DMSO.
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Figure 3.11. Circular dichroism (CD) spectra offilmsof salts (la) and (lb)
cast from NMP solution: (black) (+)-HCSA or (red) (-)-HCSA .

(mdeg)x1E1

1.400

0.700

0.000

-0.700

-1.400
350.0

420.0

560.0

490.0

630.0

nm

Figure 3.12. CD spectra of saltfilms(la) and (lb) cast from
solution:(black) (+)-HCSA or (red) (-)-HCSA.
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Figure 3.13. Circular dichroism (CD) spectra offilmsof salts (la) and (lb)
cast from DMF solution: (black) (+)-HCSA or (red) (-)-HCSA.
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Figure 3.14. Circular dichroism (CD) spectra offilmsof salts (la) and (lb)
cast from CHCI3 solution: (black) (+)-HCSA or (red) (-)-HCSA.
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3.3.4. Electrochemical properties of cast P A n . H C S A films.

The conductive and electroactive nature of optically active PAn.HCSA (la) and (lb) i

confirmed from cyclic voltammetry on the films cast onto ITO-coated glass. The welldefined oxidation and reduction processes observed (eg. Figure 3.15) are typical of

previously described for polyaniline materials (see Chapter 2, section 2.3.3.1). Onl

relatively small differences are observed for films cast from different solvents. Th
electrochemical behaviour for the cast polyaniline salt (1) is also similar to that
described in Chapter 2 for (1) prepared via enantioselective electropolymerization.

<

<

E

E

<
E

E(V)

E(V)

(d)

(e)

Figure 3.15. Cyclic voltammogram of salt (la) cast from : (a) DMSO; (b
CHCI3, (c)-DMF; and (d) NMP, using ITO-coated glass as working e

(lcm2 surface area), Ag/AgCI reference electrode and 10 mVs'l sca

3.3.5. Free standing films of PAn.(+)-HCSA.
Free standing films of PAn.(+)-HCSA were prepared as described in the Experimental,
by doping free standing EB films via immersing in 1.0 mol dm"3 (+)-HCSA solution for
48 hr. The dark green film of PAn.(+)-HCSA was then dried under high vacuum for 48
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hr. Its conductivity (measured by the four point probe method) was found to be 10 ± 2
S cm" 1 , which is comparable with previously reported values of 1.2 -60 S cm" 1 [195]
for polyaniline salts. Recently, a conductivity of 400 S c m " 1 has also been reported for
P A n . ( ± ) - H C S A spin cast from m-cresol solvent [196].

The tensile strength for the free standing undoped film was found to be 100 ±10 MPa,
which is substantially higher than for the doped PAn.(+)-HCSA polymer, which had a
tensile strength of 70 ± 6 M P a . Also, doping times longer than 48 hr gave brittle films
with poor mechanical properties.

3.4. CONCLUSIONS

Optically active polyanilines have been readily generated in solution via the acid do
of the neutral emeraldine base form of aniline with either (+)- or (-)- camphorsulfonic
acid in a variety of organic solvents such as N M P (l-methyl-2-pyrrolidinone), D M F
(dimethylformamide), D M S O (dimethylsulfoxide) and CHCI3.

Strong mirror-imaged circular dichroism CD spectra were observed for the deep green
polymer solutions obtained with (+)- or (-)- camphorsulfonic acid, suggesting that the
acid doping is enantioselective, with one screw of the polymer chain being preferentially
produced depending on which hand of the C S A " anion is incorporated.

Significant differences were observed for the CD spectra of PAn.(+)-HCSA or PAn.(-)H C S A in different solvents. In particular, addition of m- cresol solvent to a solution of
optically active PAn.(+)-HCSA in chloroform caused major changes to the uv-visible and
C D spectra, which are interpreted in terms of conformational changes in the polymer
chain.

Films of optically active polyaniline salts have also been obtained by casting onto g
from the above solutions of emeraldine base doped with (+)- or (-)-HCSA in solvents
such as N M P , D M F , D M S O , and C H C I 3 . In contrast to the corresponding solution
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spectra, only small differences were observed for the C D spectra of films cast from
different solvents.

The cyclic voltammetric behaviour of such PAn.(+)-HCSA films cast onto ITO-coated
glass was very similar to that of films generated electrochemically in Chapter 2.

Free standing films of neutral emeraldine base were also cast from NMP. The electri

conductivity of these emeraldine base films after doping with (+)-HCSA was found 10
2 S cm"l, which is comparable with other free standing PAn.HA films previously
reported.

The tensile strength of these free standing polyaniline films have also been measur
both the base and acid doped forms. The base form of the polymer was found to be
stronger than the corresponding acid form.

CHAPTER 4
SYNTHESIS OF OPTICALLY ACTIVE
POLYTOLUIDINE CAMPHORSULFONIC ACID
AND POLYANILINE WITH OTHER CHIRAL
ANIONS
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4.1. I N T R O D U C T I O N
In Chapters 2 and 3 it was established that optically active polyanilines of the type
PAn.(+)-HCSA (la) (or PAn.(-)-HCSA; lb) can be readily generated via either (i) the
electrochemical polymerization of aniline in the presence of the appropriate enantiomer of
H C S A , or (ii) the doping of emeraldine base with (+)- or (-)-HCSA.

H
I
+•

A"

(1)
A s a working hypothesis, the generation of optically active polyanilines w a s ascribed to
the formation of helical polymer segments with one-screw-sense predominating when the
(+)-CSA" anion is incorporated, while the opposite helical screw arises in the presence of
(-)-CSA". It w a s further hypothesised that a fixed helical arrangement (Figure 4.1) of
polyaniline salts of type 1 is maintained by chiral C S A " anions linking N H and N H
centres three dimeric repeating units apart along the polymer chain, via electrostatic and
H-bonding by the camphorsulfonate S 0 3 and carbonyl centres, respectively (Figure
4.2).
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Figure 4.1. Vertical view of helical polyaniline (X - H) or polytoluidine (X =
Me) showing three dimeric repeating units (Dreiding model).

In order to test this hypothesis, the ability to generate related optically active po
salts(2, A" = (+)- or (-)-CSA") is now investigated. The presence of methyl groups

ortho or meta to the N centres would not appear from Figure 4.1 to hinder the formatio
+•
of helical polyaniline chains. However, the attachment of chiral C S A " anions to the N H
and NH centres, suggested to be a requirement for one-screw-sense helicity, would be
sterically hindered by such methyl groups.
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Similarly, the necessity to have appropriately located electrostatic S 0 3 and H-bonding
(C=0) centres in the chiral anion in order to generate optically active polymer chains is
tested by examining the acid doping reactions of emeraldine base with other chiral acids
such as (+)- or (-)- tartaric acid and (+)-3-bromocamphor-10-sulfonic acid.
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4.2 E X P E R I M E N T A L
4.2.1. Materials

Toluidines were purchased from Aldrich and distilled prior to use. (+)- and (-)- tar
acid and (lS)-(+)-3-bromocamphor-10-sulfonic acid were obtained from Aldrich and
used without further purification. All other reagents and solvents were obtained/purified
as described previously in Chapters 2 and 3.

4.2.2. Preparation of the neutral base forms of po!y(otoluidine) and poly(w-toluidine)

Polytoluidines were synthesised by chemical oxidation of o-toluidine (and m-toluidin
with a m m o n i u m persulphate (NH4)2S208 according to the procedure reported by Y e n
W e i et al. [197]. 10 m l of aniline was dissolved in 250 m l H C I (1.0 mol d m " 3 ) and the
solution cooled to between 0 and -5 °C. A few drops of F e S 0 4 solution were added as a
catalyst. A solution (200 ml) of 5.6 g (NH4)2S208 in 1.0 mol d m " 3 H C I was then
added dropwise over a period of 1 hr with vigorous stirring. After 2 hr the precipitate
was collected on a buchner funnel. The blue-green powder was transferred into a beaker
containing 200 ml of 1.0 mol d m - 3 H C I to ensure complete protonation. After stirring at
room temperature for 4 hr the mixture was filtered and the precipitate washed with
4 x 100 m l of mixture methanol/water 2 0 % until thefiltratebecame colourless. It was
then dried under dynamic vacuum conditions at room temperature for 24 hr.

Poly(<9-toluidine) and poly(m-toluidine) base forms were obtained by stirring the sa
500 m l of 3 % (w/w) N H 4 O H solution for 4 hr. The suspensions were collected on a
buchner funnel and the precipitates washed with 200 ml 3 % N H 4 O H followed by 100 ml
portions of a 1:1 mixture of methanol and 0.2 mol d m " 3 N H 4 O H . They were then dried
under dynamic vacuum for 24 hr at room temperature and then 4 hr in an oven at 60°C.
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4.2.3. Electropolymerizations

Electrochemical polymerization of o- and m-toluidine (0.2 mol dm-3) in 0.5-1.0 mol d
3

(+)-HCSA to give salts (2) were carried out in the three electrode cell described in

Chapter 2. Platinum, platinum gauze and Ag/AgCI were used as the working, auxiliary
and reference electrodes, respectively. Related electropolymerizations using ITO-coated
glass as the working electrode were unsuccessful.

Attempts to grow PAn.(+)-tartaric acid films on ITO-coated glass electrodes
electrochemically were also unsuccessful (using a solution of 0.2 mol d m - 3 aniline and
0.5 - 1.0 mol d m " 3 D-tartaric acid and platinum as the working electrode).

4.2.4. Acid doping of neutral poly(o-toluidine) and poly(mtoluidine)
Neutral poly(o-toluidine) and poly(m-toluidine) base forms were ground into fine
powders. A few milligrams of the powders were dissolved by shaking (20 min) in 0.1
mol d m " 3 (+)- or (-)-HCSA in various organic solvents ( N M P , D M F and D M S O ) . After
filtration, the deep green solutions were used for uv-visible and circular dichroism
studies.

4.2.5. Casting of films from doped solutions
Neutral poly(o-toluidine) base powder and (+)-or (-)-HCSA were ground together in a
2:1 molar ratio (dopant anion : neutral poly(o-toluidine) base tetrameric repeating unit)
and then dissolved by vigorous stirring for 6 hr in D M S O solvent. The solution was then
filtered through no. 42 W h a t m a n filter paper and a small amount of thefiltratewas then
placed on an ITO-coated or normal glass slide using a pipette. Drying for 6 hr in an oven
at 60 ° C gave thin green films of the chiral poly(o-toluidine) salts.
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4.2.6 Acid

doping

of emeraldine

base

(EB) with (+)-3-

bromocamphor-10-sulphonic acid.

A solution of the PAn.(+)-Br-HCS A salt was prepared by vigorously shaking neutral E
with (+)-3-bromocamphor-10-sulphonic acid (2 m g ) for 15 min in 20 m l of an
appropriate solvent such as N M P containing 0.10 mol d m " 3 (+)-Br-HCSA. The mixture
was then filtered through no. 42 W h a t m a n filter paper to remove any traces of
undissolved material and the uv-visible and C D spectra immediately measured.

4.2.7. Acid doping of emeraldine base(EB) with tartaric acid

Solutions of PAn.D-tartartic acid and PAn.L-tartartic acid were obtained by adding a
milligrams of neutral emeraldine base to 20 ml of the appropriate solvent ( N M P , D M F ,
D M S O ) containing 0.50- 1.00 mol d m - 3 D- or L-tartaric acid and stirring for 24-48 hr.
The mixture was thenfilteredthrough no. 42 Whatman filter paper to remove any traces
of undissolved material and the uv-visible and C D spectra were then recorded.

4.2.8. Spectroscopic and electrochemical studies
Uv-visible and circular dichroism spectra and cyclic voltammograms were recorded as
described in Chapters 2 and 3.

4.3. RESULTS AND DISCUSSION
4.3.1. Chiral polytoluidines
4.3.1.1. Electrochemical synthesis

Attempts to deposit optically active polytoluidine.(+)-HCSA films on ITO-coated glas
electrodes by potentiodynamic methods were unsuccessful, due to the poor adherence of
the films to the glass substrate. However, the novel polytoluidine.(+)-HCSA salt (2a)
could be grown on platinum electrodes potentiodynamically by cycling the potential of a
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solution of either o- or m-toluidine in aqueous 0.5-1.0 mol d m " 3 (+)-HCSA between
-0.2 and 0.8V (vs. Ag/AgCI).

Potentiostatic or potentiodynamic polymerization of o-toluidine or m-toluidine in aq

1.0 mol dm-3 (+)-HCSA also resulted in the very slow deposit of dark green films of t
Pot.(+)-HCSA (2a) or Pmt.(+)-HCSA (2b) salts on a platinum working electrode.
Typical cyclic voltammograms obtained during the potentiodynamic polymerization of
o-toluidine are shown in Figure 4.3b and compared with CVs during the analogous
deposition of PAn.(+)-HCSA (Figure 4.3a). A similar CV was obtained with the mtoluidine.

Unfortunately, the chiroptical properties of these novel polytoluidine (+)-HCSA (2)

could not be measured due to the inability to grow films on the transparent ITO-coate
glass substrate.
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Figure 4.3. Cyclic voltammograms obtained for (a)-PAn.(+)-HCSA (11 cycle)
and (b)-Pot.(+)-HCSA (100 cycle) during growth using dynamic potential.
Scan rate 20 mV/S, from -0.2 to 0.9 V (vs Ag/AgCI).
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T h e lower currents passed during the deposition of the polytoluidine salt suggests that
this polymer is considerably less conducting than the parent PAn.(+)-HCSA or less

polmer is deposited. Reduced conductivities for ring-substituted polyaniline salts (2,
X=Me) with other acids such as HA = HCI, HCIO4, H2SO4 have been previously
reported [197-201], and rationalised in terms of steric hindrance by the methyl groups
causing adjacent phenyl rings to twist out of the polymer plane. Similar distortions
presumably occur in the novel polytoluidine. (+)-HCSA salts produced here, explaining
their less facile syntheses.

The relatively low electroactivity of the polytoluidine.(+)-HCSA films is also shown b
cyclic voltammograms recorded on such films (in 0.5 mol dm"3(+)-HCSA) following
deposition. Figure 4.4 shows cyclic voltammograms obtained after growth for Pot.(+)HCSA, Pmt.(+)-HCSA and PAn.(+)-HCSA in 1.0 mol dm"3 (+)-HCSA.
Figure 4.4 shows that alkyl substituted polyanilines exhibit two oxidations. The first

(region 1) oxidation peaks were shifted to more positive potential compared with anili

which may be due to steric effects. It has been previously reported that the presence o

bulky ring-substituents can induce nonplanar conformations in polyaniline that decreas
the conjugation along the polymer backbone, thus giving higher oxidation potentials

[198]. Therefore on the basis of the positive shift of the first oxidation peak, higher
torsion angles are expected in.reduced polyaniline derivatives than in unsubstituted
polyaniline.
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Figure 4.4 Cyclic voltammograms obtained for (a) PAn.(+)-HCS
Pot(+)- HCSA; and (c), Pmt.(+)-HCSA in 0.5 mol dm'3 (+)-HCSA. S
50 mVs'l. Polymers were deposited on Pt electrodes ( 20 min.) fr
of 0.2 mol monomer and 1.0 mol (+)-HCSA, using dynamic potenti
scan rate 20 mV/s).
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Attempts to similarly deposit polytoluidine.(+)-HCSA films onto an ITO-coated glass
working electrode using either potentiostatic or potentiodynamic conditions were
unsuccessful. In no case was a polymer film deposited on the electrode, although the
initially clear solution turned dark green during the attempted polymerization. It was
therefore, not possible to study the chiroptical properties of the polytoluidine salt films.
4.3.1.2. Doping of neutral polytoluidine base with (+)- or (-)-HCSA

Rapid protonation/doping of the neutral base forms of poly(o-toluidine) (3) to gi
(2, A"=(+)CSA") salts occurs with 0.10 mol d m " 3 (+)-HCSA in N M P , D M F or D M S O
solvents, as confirmed by uv-visible spectral changes (eqn. 4.1). The characteristic
absorption band of the neutral base form of polytoluidine at ca. 600 n m disappears and
new visible bands characteristic of the polytoluidine.HCSA salt appear (e.g. Figure 4.5
in N M P ) .

N-^)-N-^^-N=-/~^N
IVIe

^e

\[e

+ HCSA

• (2)

Jn

(3)

(4.1)

Significantly, no CD bands were observed between 800-300 nm for the
polytoluidine.(+)-HCSA salt so formed in N M P , even 4 hours after acid doping. This
confirms the absence of macromolecular asymmetiy in the polymer chain (such as onescrew-sense helicity). This observation supports our above hypothesis that a fixed
helical arrangement of polyaniline salts of type (1) is maintained by chiral C S A " anions
electrostatically and H-bonding to N H and N H centres along the polymer chain (Figures
4.1 and 4.2). T h e bulky methyl substituent in the analogous polytoluidine salt (2,
X = M e , A"=(+) C S A " ) would be expected to sterically hinder the formation of these
electrostatic and H-bonds required for maintaining one-screw-sense helicity.
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Figure 4.5. Uv-visible spectral changes on doping neutral poly(o-toluidine)
with (+)-HCSA
in NMP:- (a) neutral base, and (b) salt form of poly(otoluidine) 15 min after mixing.

However, the corresponding acid doping of poly(o-toluidine) and poly(m-toluidine) b
with (+)- or (-)-HCSA in the solvents D M F or D M S O provide optically active
polytoluidine salts (2), as confirmed by the circular dichroism (CD) spectra in Figures
4.6 and 4.7. The solution C D spectra for (2a) and (2b) obtained by doping in D M S O
(or D M F ) with (+)- or (-)-HCSA, respectively, are mirror-imaged indicating
enantioselective processes. Generation of the optical activity, however, is substantially
slower than with the parent polyaniline, taking several hours to develop (3-12 hr). Since
the doping itself is rapid (as evidenced by the uv-visible spectral changes, e.g.
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Figure 4.6), the enantioselectivity and resultant optical activity apparently arises from
some rearrangement subsequent to the doping process itself.
Dark green films of optically active polytoluidine could be cast from these D M S O
solutions and exhibit C D spectra (Figure 4.8) similar to the parent polyaniline salt films
(la) and (lb) (see Figure 3.13 in Chapter 3).

Figure 4.6. Circular dichroism spectra of poly(o-toluidine) salts generated
(2) from poly(o-toluidine) base dissolved in DMF
(+)- HCSA

(black) or (-)-HCSA (red), after 12 hr.

containing 0.10 mol

dm:3
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Figure 4.7. Circular dichroism spectra of poly(m-toluidine) salts (2)
generated from poly(m-toluidine) base dissolved in DMF containing 0.10 mol
dmr3 (+)- HCSA (black) or (-)-HCSA (red), after 0.5 hr.

(mdeg)
6.000

Figure 4.8. Circular dichroism (CD) spectra offilmsof poly(o-toluidine) salts
(2) cast from DMSO solution containing (black) (+)-HCSA or (red) (-)-HCSA.
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The conductive and electroactive nature of the optically active polytoluidine (2a) was
confirmed from cyclic voltammetry on a film cast onto ITO-coated glass from D M S O
solution (Figure 4.9). However, the electroactivity of this film was, not surprisingly,
substantially lower than that of a film of the corresponding polyaniline salt (la) cast
under similar conditions. Also it was found that the oxidation and reduction peaks for the
cast film are quite different from a film electrochemically synthesised on a platinum
electrode (see Figure 4.4.). For the cast polymer, the large cathodic wave near 0.3 V
(vs. Ag/AgCI) and two anodic peaks are indistinguishable.
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Figure 4.9. Cyclic voltammogram of poly(o-toluidine).(+)-HCSA salt (2a) cast
from DMSO
3

dm~

onto ITO-coated glass (lcm2 surface area), in (+)-HCSA

as supporting electrolyte, Ag/AgCI

1.0 mol

reference electrode and 10

mVs'l

scan rate.

4.3.2. Other optically active PAn.HA salts

In order to throw further light on the structural features required by the dopant an
order to generate optically active polyaniline salts, the acid doping of emeraldine base
(EB) (eqn. 4.2) was examined with several other optically active acids ( H A ) namely
(lS)-(+)-3-bromocamphor-10-sulfonic acid (4) and (+)- and (-)- tartaric acid (5a, 5b).
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Not surprisingly, the doping results with (lS)-(+)-3-bromocamphor-10-sulfonic acid (4

were similar to those previously obtained with the structurally similar (lS)-(+)-HCSA
Chapter 3. Shaking solid emeraldine base with a 0.05 mol dm"3 solution of (4) in NMP

solvent for 15 min generated a green solution characteristic of the expected polyanil

salt (6, A" =(+)-Br CSA"). The uv-visible spectrum recorded immediatly after flitterin
(Xmax 780, 425, and 340 nm) was very similar to that previously found for the
camphorsulfonate analogue (la) (see Chapter 3). Most significantly, this new

polyaniline salt (4a) is optically active, as evidenced by the circular dichroism spe
obtained (Figure 4.10). CD bands were abserved at 400,455 and ca. 750 nm {similar to
the CD spectrum of (la)- see Figure 3.2 in Chapter 3}.
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Figure 4.10. Circular dichroism spectrum of polyaniline salt (6a) generated
from

EB

dissolved

in NMP

bromocamphor-10-sulfonic

containing

0.10

mol

dm'3

(lS)-(+)-3-

acid.

Interestingly, Havinga et al. [162] have also recently acid doped EB with (4), bu
reported that the polymer (6a) was optically inactive (in m-cresol). However, no details
of the synthetic conditions were provided, and it is possible that the generation of
optically active polymers is very sensitive to parameters such as solvent employed (as w e
observed in section 4.3.1.2 for the generation of optically active polytoluidines).

Acid doping of emeraldine base (EB) with a chiral acid structurally quite distin
H C S A was then examined, namely D- and L- tartaric acid (5a, 5b). The doping of E B
with these latter acids in N M P solvent is less facile than with H C S A . While doping with
H C S A occurred within seconds with [HCSA] as low as 0.01 mol dm" 3 (as evidenced by
uv-visible spectral changes see Chapter 3), a stirred mixture of E B with a saturated
solution of D- or L-tartaric acid in N M P only slowly generated the green colour
anticipated for the respective polyaniline salts (6). After stirring overnight, the uvvisible spectrum in each case (Xmax = ca. 320 ,430 and 780 nm, Figure 4. 11) confirmed
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formation of the salt (6, A" = tartrate). However, the doping reaction had not proceeded

to completion, since a significant shoulder remained in the absorption sp
case at ca. 630 nm characteristic of unreacted EB (Figure 4.11).
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Figure 4.11. Uv-visible spectrum of polyaniline salt (6) generated from
emeraldine base (EB) in 0.50 mol dm'3 L-tartaric acid in NMP, after 24 hr.
Nevertheless, the circular dichroism spectra of solutions formed from the doping
reactions with D- and L- tartaric acid confirmed that the new polyaniline

(6c) are optically active (Figures 4.12). The CD spectra generated with Dacid are mirror-imaged, again suggesting enantioselective doping.
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The generation of optically active polyaniline salts in this case (6b, 6c; A ' = (+)- and (-)tartrate) shows that it is not essential for macromolecular asymmetry that the chiral dopant
anion have the structural features of the C S A " anion, ie. the presence of both electrostatic
and H-bonding ( C = 0 ) centres for attachment to the polyaniline chain.
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0.000
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-2.000
320.0

640.0

Figure 4.12. Circular dichroism (CD) spectra of films of salt (6b) and (6c)
generated from EB dissolved in NMP

solution saturated with (red) D-tartaric

acid or (black) L-tartaric acid after 24 hr.
Further studies will therefore be necessary in order to elucidate the features responsible
for the induced optical activity of the polyanilne salts in the above doping reactions.
In this respect, it is interesting to note that Havinga et al.[162] recently found no optical
activity in polyaniline salts obtained by doping emeraldine base with several chiral
phosphonic acids (7; X = H , Cl or O M e ) .
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(7)

4.4. CONCLUSION

Optically active poly(toluidines) can be synthesised in solution via the acid doping of
neutral toluidine base forms with either (+)- or (-)- camphorsulfonic acid in organic
solvents such as D M F and D M S O .

However, generation of the optically-active

polytoluidines is substantially slower than with the corresponding polyanilines, taking
several hours to develop.

This less facile chiral induction is highlighted for poly(toluidine) salts generated vi
acid doping method in N M P , which exhibited no C D bands in the 300-800 n m region
even after 12 hours.

Due to poor adherence, polytoluidine salts could not be grow on ITO-coated glass and
therefore the chiroptical properties of the electrochemical synthesised polytoluidine could
not be measured.

Films of optically active poly(toluidines) can be cast from the above acid doped soluti
in D M F , D M S O , and exhibited C D spectra similar to the parent polyaniline.HCSA salt
films.
The cyclic voltammograms of Pot.(+)- HCSA films cast from solution onto ITO-coated
glass were found to be different from the related polyaniline salt films.

The

electrochemical behaviour of the poly(toluidines) were studied during and after growth
and revealed lower electroactivity compared with the polyaniline salt.
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Optically active polyaniline has also been generated in solution using (+)-3bromocamphor-10-sulfonate as the counterion and the CD spectrum observed in NMP
solvent was similar to that of PAn.(+)-HCSA.

Optically active emeraldine salt containing D- or L- tartrate as counter anion could
be generated in situ by acid doping of EB with 0.5-1.0 mol dm-3 tartraric acid in NMP
DMF. The doping of EB with tartaric acid is considerably slower than with HCSA

CHAPTER 5
ELECTROORGANIC REACTIONS ON
OPTICALLY-ACTIVE POLYANILINE
MODIFIED ELECTRODES
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5.1. I N T R O D U C T I O N
Methods for asymmetric electroreduction and electrooxidation are of interest for the
synthesis of biologically active compounds for pharmaceutical or agrochemical use. A s
briefly mentioned in Chapter 1, several successful studies have been carried out on the
electrochemical asymmetric synthesis of organic molecules. They used an electrode
chemically modified with an optically active organic compound, a polymer film, or a
clay-modified electrode containing optically active complex ions [66].

There has been considerable recent interest in the development of chiral conducting
polymers, largely because of their potential application as electrodes in asymmetric
synthesis. Studies to date have concentrated on chiral polypyrroles [163, 167] and
polythiophenes [169-170]. However, our success in this work infindinga facile method
for the synthesis of optically active conducting polyanilines has led us to explore the
possibility of carrying out asymmetric reductions and oxidations on an electrode
deposited with such optically active polyaniline films. PAn.(+)- or (-)-HCSA modified
electrodes m a y have advantages over previously employed composite electrodes such as
L-polyvaline/polypyrrole/ Pt, by simultaneously providing both electrical conductivity
and optical induction.
In this Chapter, the electrochemical reduction and oxidation of some prochiral
compounds such as citraconic acid, acetylpyridine and methyl-p-tolyl sulfide ( M P T S ) are
examined. T h e electrochemical behaviour of K3[Fe(CN)6] and 2,6- anthraquinone
disulfonic acid disodium salt ( A Q S A ) which have k n o w n electrochemical reactions, are
also studied on these novel polyaniline electrodes using both cyclic voltammetry and
constant potential techniques. T h e results with methyl-tolyl sulfide suggest that with
more sterically demanding organosulfide substrates these novel chiral conducting
polyaniline modified electrodes m a y provide a useful n e w technique for the asymmetric
electrosynthesis of organosulfoxides.
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5.2. E X P E R I M E N T A L
5.2.1. Reagents and materials
All reagents used were Analytical Reagent grade. Aniline was distilled before use.
K3[Fe(CN)6], 2,6- anthraquinone disulfonic acid disodium salt ( A Q S A ) , citraconic acid,
acetyl pyridine, methyl-p-tolyl sulfide, tetrabutylammonium tetraflouroborate ( T B A T F B ) ,
and (+)- or (-)-camphorsulfonic acids were purchased from Aldrich and used as supplied.
The solvents, acetonitrile, chloroform, methanol, ethanol and diethyl ether solvents were
used as supplied (Aldrich) without further purification.

5.2.2. Preparation of polyaniline
The polyaniline films were produced by potentiodynamic polymerization from a 0.2 mol
d m - 3 aniline and 1.00 mol d m - 3 H C S A solution. The potential was scanned between
-0.2 and 1.0 V vs. Ag/AgCI. Different thicknesses were obtained by varying the number
of cycles.

5.2.3. Electrochemical behaviour
Studies of electrochemical behaviour were carried out using a glassy carbon (surface
0.07 c m 2 ) or platinum disc (surface area 0.017 c m 2 ) as the working electrode, a platinum
gauze as the auxiliary electrode and a Ag/AgCI (3 mol d m " 3 N a C l ) as the reference
electrode.

5.2.4. Electrolyses

Electrolyses were performed using a constant potential or an applied pulse potential.
electrochemical cell employed for the electrolyses is shown in Figure 5.1. A Ag/AgCI (3
mol d m " 3 NaCl) electrode was used as the reference electrode. The working electrodes
employed were glassy carbon plates (surface area 4-10 c m 2 ) and platinum (surface area
15-20 c m 2 ) . These working electrodes were polished with 1.0 |im aluminium oxide
powder, followed by rinsing with distilled water. The back of the working electrodes
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were covered with a thin layer of silicone. The auxiliary electrode was a large surface
area reticulated vitreous carbon plate (RVC).
Working electrode (GC.) Reference electrode (Ag/AgCI)
Nitrogen

Auxiliary electrode (RVC)
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Figure 5.1 Electrolysis cell
5.2.5.

Instrumentation

Electrochemical experiments Were carried out using a CV-27 and Princeton Applied

Research (PAR) 363 galvanostat /potentiostat using Chart software (ADI) with a Mac
work station and associated Electrolab apparatus. H NMR spectra were recorded on a
Varian Unity 400 MHz NMR spectrometer. Spectra were measured in CDCI3 relative to

tetramethylsilane (0.00 ppm). Uv-visible spectra were recorded on a Shimadzu uv-26
spectrophotometer.
Circular dichroism spectra of the chiral polymers deposited on ITO-coated glass were
recorded using a Jasco-J500 Spectropolarimeter (Macquarie University). Optical
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rotations were recorded with a Jasco DIP-370 Digital polarimeter in analytical reagent
(AR) grade chloroform as solvent.

Low resolution mass spectra were recorded on a Vacuum Generator VG 12-12 mass

spectrometer (in the CI mode) and a Fisous/VG Biotech Quattro TM mass spectrometer
(in the electrospray mode).

5.2.6. Membrane transport studies

Dynavac Magneton Sputter Coater was employed for coating platinum on polyvinilidin

flouride or polysulfone membrane. Argon pressure of 6.6 x IO"2 to 2 xO.l mBar and a
sputtering current of 60 mA for 4 min were employed. Transport experiments were
carried out in a three electrode cell (Figure 5.21 later) in which a PAn.(+)-HCSA

membrane (platinum coated polyvinilidine flouride or polysulfone) were used as the

working electrode, platinum gauze as the auxiliary electrode, and a stainless stee

used for the electrical contact at the face of the cell. Before commencing the tra
studies, EtOH was passed through the membrane for 20 min. The membrane was then

washed with water for 40 min. The source solution was aqueous 0.1 mol dm"3(+)- or (
)-HCSA, while the receiving solution was deionised water.
A PAR 363 galvanostat/potentiostat combined with a pulse signal generator was
employed for the transport studies. A symmetric square-wave (pulse width of 50 s)

potential waveform was employed. The potential was applied in the range of + 0.5 t

-0.15 V vs. Ag/AgCI. During the transport experiments, samples were taken every 15
min from the receiving solution and analysed using uv-visible spectroscopy.
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5.3. R E S U L T S A N D DISCUSSION
5.3.1. Electroreduction
5.3.1.1. Electrochemical reduction of K3[Fe(CN)6l and AQSA.
Cyclic voltammetry was used to study the oxidation / reduction of some simple
compounds using polyaniline modified electrodes.

Figure 5.2 compares the cyclic voltammograms obtained for a solution containing 0
mol d m " 3 K3[Fe(CN)6] with 0.1 mol dm" 3 (+)-HCSA as supporting electrolyte. The
PAn.(+)-HCSA film was prepared using cyclic voltammetry with a scan rate of 20 mV/s
after 10 cycles between -0.2 to 1.0 V vs. Ag/AgCI. The only significant difference is that
the cyclic voltammogram (b) shows the polyaniline oxidations and reduction peaks 2, 2'
and 3, 3', as well as the reduction and oxidation of K3[Fe(CN)6] (labelled 1, l1) that
occurs according to eqn. 5.1 .

[Fe(CN)6]3- + e~ :^=^ [Fe(CN)6]4" (5 n
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Figure 5.2. Cyclic voltammograms of 0.01 mol dm'3 K3[Fe(CN)^] in 0.1 mol
dm'3 (+)- HCSA as supporting electrolyte using (a) a glassy carbon electrode,
and (b) a PAn. (+)- HCSA modified glassy carbon electrode.
Similar cyclic voltammetry experiments were carried out for the 2,6-anthraquinone

disulphonic acid disodium salt (AQSA) substrate, which is reduced at a more nega
potential than K3[Fe(CN)6] according to eqn. 5.2.
OH
+

S03"
Na

S03"Na

+ H+

OH
S03;
Na

S03
NaT

O

+
S03" Na

+e
+ H +

S03Na^

OH

(5.2)

132

Figure 5.2 compare the cyclic voltammograms of A Q S A in 0.1 mol d m - 3 (-f)-HCSA
supporting on either (a) a glassy carbon electrode and (b) on a PAn.(+)-HCSA modified
glassy carbon electrode. Addition of the quinone increases responses due to the quinone
oxidation/reduction in region 1,1'. Note, this is markedly different potentials from those
observed on the bare electrode suggesting that the polyaniline catalyzes the quinone
reduction. It would be difficult to reduce the quinone at potential more negative than -0.1
V vs. Ag/AgCI due to the increased resistance observed with the fully reduced PAn.
coating (see Chapter 2, 2.3.4.).
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Figure 5.3. Cyclic voltammograms

of (a)-AQSA
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(0.01 0.01 mol dm'3) in a
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modified glassy carbon electrode in 0.1 mol dm-3

supporting electrolyte; (solid line curve) with 0.01 mol dm'
(pH- 1) (dashed line curve). Scan rate 50 mV/s.
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5.3.1.2. Electrolysis of K 3 [ F e ( C N ) 6 ] a n d A Q S A

on a

PAn.(+)-HCSA

electrode

Electrolysis of K3[Fe(CN)6] and AQSA were carried out on PAn.(+)-HCSA modified

glassy carbon electrodes using constant potential at -1.0 V vs. Ag/AgCI. HCSA (

dm"3) was used as the supporting electrolyte in the electrolysis of K3[Fe(CN)6]
HCI (0.1 mol dm-3) was used as the supporting electrolyte for the electrolysis
The PAn.(+)-HCSA polymer was deposited on the glassy carbon electrode under

potentiodynamic conditions with a scan rate of 20 mVs"l. The potential was swept

between -0.2 and 1.0 V vs. Ag/AgCI. Electrolysis were carried out using constant

potential at -1.0 V vs. Ag/AgCI. Electrolysis solutions were analysed using uvspectrometry. As Figure 5.4 shows, the concentration for K3[Fe(CN)6], and AQSA

decreased with time. Comparing the electrolysis of K3[Fe(CN)6] and AQSA indicat

that the reduction of K3[Fe(CN)6l is faster than AQSA, because the reduction pe
K3[Fe(CN)6] is less negative than for AQSA.

AQSA
K3Fe(CN)6

5
E
c
o
u
c
o

o
200
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Figure 5.4. Plot of concentration of the electrolysis solutions vs. time during
the controlled potential electrolysis of (-o-) K3[Fe(CN)6l (0.01 mol dm'3) in
HCSA (0.1 mol dm'3) as the supporting electrolyte, and(-*-) AQSA (0.01 mol
dm'3) in HCI (0.1 mol dm'3) as the supporting on a PAn.(+)-HCSA /GC
electrode. Eapp. = -1.0 V vs Ag/AgCI.
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5.3.1.3. Electrochemical reduction of citraconic acid
The electrochemical behaviour of citraconic acid was then studied using PAn. (+)-HCSA
electrode. As mentioned in Chapter 5, the prochiral citraconic acid is reduced

electrochemically to methylsuccinic acid as shown in eqn..5.3, and the use of an opti
active electrode may lead to asymmetric synthesis.
H

L
C H 3 — C —COOH
||
H — C —COOH

+ 2 H + +2e"

»-

C H 3 — C-COOH
|
H — C-COOH

I
H
Citraconic acid Methylsuccinic acid

(5 3)

The electrochemical study of citraconic acid in aqueous solution and in a methanol/wa

(80/20) mixture was carried out using cyclic voltammetry, varying the potential betwe
-1.00 and +1.00 V (vs. Ag/AgCI) on glassy carbon and chiral polyaniline coated
electrodes, using a scan rate of 50 m V/s.
Figure 5.5 shows the cyclic voltammograms of citraconic acid on glassy carbon and
PAn.(+)-HCSA modified glassy carbon electrodes in (+)- HCSA (0.1 mol dm"3) as

supporting electrolyte. Polyaniline film preparation used potentiodynamic polymerizat
as described previously. Figure 5.5a shows the cyclic voltammogram after
polymerization in supporting electrolyte (+)- HCSA (0.1 mol dm"3), 5.4b the CV on
glassy carbon in 0.03 mol dm"3 citraconic acid, and 5.4c the CV on PAn.(+)-HCSA
modified glassy carbon in 0.03 mol dm"3 citraconic acid.
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Figure 5.5. Cyclic voltammograms of:
(a) PAn/HCSA in (+)-HCSA (0.1 mol dm'3)>(b) citraconic acid (0.03 mol dm'3)
in (+)-HCSA 0.1 mol dm'3) as supporting electrolyte on a glassy carbon
electrode, and (c) citraconic acid (0.03 mol dm-3) in (+)-HCSA supporting
electrolyte (0.1 mol dm'3) on a PAn.(+)-HCSA
modified glassy carbon
electrode. Scan rate 50 mv/s.
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The citraconic acid reduction is seen to have one irreversible peak (labelled 4) around

-0.73 V vs. Ag/AgCI on glassy carbon, while peaks (labelled 1, 1', 2, 2* and 3, 3') are

related to polyaniline (see Chapter 2, Chapter 2). The reduction of citraconic acid on
PAn.(+)-HCSA modified electrode under similar conditions occurs near - 0.82 V vs..

Ag/AgCI, and ip is also smaller than with the polymer-free glassy carbon electrode. Thi

is due to the resistance of the polymers, which causes the reduction of citraconic aci
be shifted to more negative potential.

5.3.1.4. Electrolysis of citraconic acid

Electrolysis of citraconic acid was carried out in a three electrode cell in which the
working electrode was PAn. (+)-HCSA deposited on glassy carbon of large surface area

(6 cm^), and the auxiliary and reference elecu-odes were RVC and Ag/AgCI, respectively.
A solution of citraconic acid (0.15 mol dm-3) was prepared in phosphate buffer in
aqueous solution. Electrolysis was performed using a constant potential of -1.0 V vs .
Ag/AgCI. After four hours the analysis products were acidified with aqueous sulfuric
acid, the solution filtered and the filtrate extracted repeatedly with diethyl ether.
ethereal solution was evaporated to dryness and then benzene was added for
crystallisation. The solution was left in the fridge to form crystals, which were
redissolved in CHCI3 to be examined by H NMR and mass spectrometry.

The above electrolysis was repeated under the same conditions, but using a pulsed
potential waveform (potential applied between -1.0 and 0.5 V vs. Ag/AgCI). Similar
experiments were also carried out using:
. different supporting electrolytes such as 0.17 mol dm"3 KH2PO4, 0.03 mol dm-3
Na2HP04

.different solution pH's.

.different concentrations of citraconic acid
.different solvent mixture (EtOH/water).
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Analysis of the products by * H N M R , mass spectrometry and uv-visible spectrometry

indicated that citraconic acid was not reduced. This may be due to the fact that the
PAn.(+)-HCSA polymer is reduced before citraconic acid (see Chapter 2, Figure 5.5).
Reduction of polymer results in a more resistive polymer coating that would reduce
longer term electrochemical efficiency.

5.3.1.5. Electrochemical studies of acetylpyridine

Asymmetric electroreduction of prochiral ketones to alcohols has been previously
observed in many systems, with varying optical yields [57]. The most successful
approach used a mercury electrode in the presence of chiral alkaloids. For example,
acetylpyridines (la, 2a and 3a) could be reduced to the pyridylethanols (lb, 2b and

3b), as shown in Scheme 5.1. The optical yields were relatively high for alcohols (l
and 3a), but the isomer 2a gave no asymmetric induction.

V^CH, +2H+

+

2e ^ SA '

(la)
(lb)

OH

O

I
\J

+2H+ +2e

• l^J
(2b)

(2a)

OH
0

'

II
C — CH3 CH —CH3

+2H + +2e
N*
(3a)

Scheme 5.1. Acetylpyridine reduction

->^N
(3b)

CH —CH3
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In the present study, the electrochemical behaviour of acetylpyridine was examined on
glassy carbon and on a PAn.(+)-HCSA deposited electrode.

Figure 5.6 shows the influence of varying acetylpyridine concentrations on the cyc
voltammograms in 0.5 mol d m " 3 acetate buffer (1:1 E t O H / H 2 0 ) as supporting
electrolyte.

The potential for the irreversible reduction of acetylpyridine was

concentration dependent
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Figure 5.6. Cyclic voltammograms

I
0.0
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I
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I
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of (a) the 0.5 mol dm-3 acetate buffer

supporting electrolyte, (b) and (c) 20 fil and 50 pi acetylpyridine in 10 ml of
the supporting electrolyte on a glassy carbon electrode. Scan rate 50 mV s-*.

The effect of acid on the reduction of acetylpyridine was studied using 0.1 mol dmHCSAin

EtOH/H20.

Figure 5.7 shows the cyclic voltammograms of 50 ul

acetylpyridine in 0.5 mol dm" 3 acetate buffer supporting electrolyte above and also in the
presence of additional 0.1 mol d m " 3 (+)- H C S A (pH = 6). It reveals no differences
between the reduction peaks obtained under these different acid conditions.

139

0

-100
/

^^^v

—a
— b

Ii

-200

-300

\

/'

-400

I

I

i

i

i

-1.0

-0.5

0.0

0.5

1.0

E(V)

Figure 5.7. Cyclic voltammograms
dm'3

of 50 pi acetylpyridine in (a) 10 ml 0.5 mol

acetate buffer as supporting electrolyte, and (b) 10 ml 0.5 mol

acetate buffer as supporting electrolyte containing 0.1 mol dm'3 (+)-

dm'3
HCSA

on a glassy carbon electrode. Scan rate 50 mV s~'.

Electrochemical studies of acetylpyridine were then carried out on a PAn. (+)-HCS
deposited on a glassy carbon electrode. In this experiment, PAn.(+)-HCSA was prepared
under dynamic condition by sweeping the potential between -0.2 and 1.0 V vs. Ag/AgCI,
with a scan rate of 20 mV/s. The thickness of the polymer on the glassy carbon was
controlled by the number of cycles (15 cycles were employed for the polymer growth).
Figure 5.8 shows cyclic voltammograms of the PAn(+)-HCSA deposited glassy carbon
electrode in acetate buffer alone, and of 20 and 50 jal of acetyl pyridine in the same buffer
as supporting electrolyte.
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<

Figure 5.8. Cyclic voltammograms
(a) 0.5 mol dm~

3

of PAn.(+)-HCSA

deposited eletrode in :

acetate buffer as supporting electrolyte; (b) 20 yd and (c) 50

pi acetylpyridine in 10 ml of 0.5 mol dm-'3 acetate buffer. Scan rate 50 mV/s

(pH=6).
The polyaniline modified glassy carbon electrode in acetate buffer reveals anodic and

cathodic peaks (regions 1 and 1') which correspond to the oxidation and reduction o
PAn.(+)-HCSA in acetate buffer. However, the reduction peak for the acetylpyridine
disappeared when the PAn electrode was used. With different concentrations of

acetylpyridine on PAn.(+)-HCSA electrodes, similar oxidation and reduction peaks w
obtained for the polyaniline electrode.

Figure 5.9a and 5. 9b compare the cyclic voltammograms of acetylpyridine on a glass
carbon and PAn.(+)-HCSA modified glassy carbon electrodes over the potential range
1.00 to -1.50 V (vs. Ag/AgCI).
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Figure 5.9. Cyclic voltammograms of (a) a PAn. (+)-HCSA modified glassy
carbon electrode in 10 ml of 0.5 mol dm'3 acetate buffer as supporting
electrolyte in CH3CN

containing acetylpyridine (100 pi), and (b) a glass

carbon electrode in the same solution. Scan rate 50 mV s'1.

As Figure 5.9. shows, the reduction of acetylpyridine (100 pi) in CH3CN

was observed on PAn.(+)-HCSA with a very small peak (5 nA) at a potenti

(vs. Ag/AgCI). The peaks in the regions 2, 2' arise from PAn.(+)-HCSA. T
amount of acetylpyridine (100 \i\) on glassy carbon reveals a corresponding current of
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700 juA at a potential near -0.72 V (vs. Ag/AgCI). Comparision of the two cyclic
voltammograms indicates that polyaniline is reduced before acetylpyridine, and also the
resistance of the polymer results in the acetylpyridine being reduced at more negative
potentials with lower efficiency.

5.3.1.6. Electrolysis of acetylpyridine

The electrolysis of acetylpyridine was carried out in a three electrode cell with gla
carbon, R V C and A g / A g C I as the working, auxiliary and reference electrodes,
respectively. The controlled potential technique was employed for the electrolysis, using
an applied potential of -0.8 V vs. Ag/AgCI for the 2-acetylpyridine solution containing
0.5 mol d m " 3 aqueous acetate buffer-EtOH (1:1) and acetylpyridine (0.1 mol d m " 3 ) .
After 3 hr. the electrolysis products were extracted into dichloromethane and the extract
evaporated to dryness. Analysis of the products was performed using H N M R and
mass spectrometery.

Figure 5.10 shows the H NMR spectrum of the products after electrolysis. This reveals
an ca. 50/50 mixture of the expected reduction product (alcohol) and unreacted
acetylpyridine. Confirmation of the presence of the alcohol product comes from the
doublet observed at 1.495 p p m for the C H 3 protons and the quartet observed at 4.96
p p m for the H B proton (see Chapter 2, expanded spectrum in Figure 5.10 .b).
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Figure 5.10.
CDCl3.

H NMR spectrum of acetylpyridine electrolysis
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The electrospray mass spectrum of the products, shown in Figure 5.11, also revealed

two strong peaks at 121 m/z and 123 which correspond to unreacted acetylpyridine
and the reduction product, pyridinylethanol (lb).
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5.11. Electrospray mass

products.

spectrum

of actylpyridine electrolysis
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In another experiment, the electrolysis was carried out using an applied potential of -1.0
V vs. Ag/AgCI. The working electrode was PAn.(+)- HCSA deposited on glassy
carbon. After four hours, the electrolysis products were analysed as previously
described. No reduction products were found from this electrolysis. This may be due to
the increased polymer resistance at the potential required for electrolysis.

In an attempt to solve this problem, the pulsed potential method was used for the
electrolysis. The same three-electrode cell was employed with PAn.(+)- HCSA
deposited on a glassy carbon electrode, and the potential was applied between +0.5 and
-1.1 V vs. Ag/AgCI (pulse width = lsec). After four hours electrolysis, the same
procedure was used (see Chapter 2, above) for the analysis of products. Unfortunately,
once again no reduction product was observed in the electrolysis solution.

5.3.2. Electrooxidation

As indicated above, the asymmetric electroreduction of materials which are reduced at a

more negative potential than the polyaniline electrode (-0.1 V) is not efficient, beca
polyaniline becomes more resistive upon reduction. When a potential more negative than
-0.1 V vs . Ag/AgCI is applied, polyaniline will be reduced.

Therefore, for useful electrosynthesis the substrate must be electroactive in the rang
between -0.10 and + 0.70 V vs , Ag/AgCI in aqueous solution (or in another solvent in
the potential range in which the polymer is electroactive).
On the other hand, polyaniline in its higher oxidation state, although it exists as
pernigraniline, may be suitable as an electrode for the asymmetric electrooxidation of
substrates. The potential of using such PAn.(+)- HCSA modified electrodes for the
asymmetric electrooxidation of organosulfides to the corresponding sulfoxide is
described in the remainder of this Chapter.
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5.3.2.1. M e c h a n i s m of oxidation of methyl-p-tolyl sulfide

Previous studies of the electrooxidation of organosulfides on electrodes such as p
indicated the mechanism shown in the Scheme 5.2 below. This mechanism involves an
E C electron transfer reaction followed by chemical reaction.

CH 3

—&

y — s — CH3

-H^

Scheme

5.2. Mechanism

of electrochemical

H20

oxidation of methyl-p-tolyl

sulfide.

5.3.2.2. Electrochemistry of methyl-p-tolyl sulfide.

The electrochemical behaviour of methyl-p-tolyl sulfide (MPTS) was studied using cy
voltammetry. Experiments were carried out in a three compartment cell using platinum
(surface area 0.017 c m ^ ) , platinum gauze and Ag/AgCI as working, auxiliary and
reference electrodes, respectively.
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Figure 5.12. Cyclic voltammograms of (a) supporting electrolyte TBATFB
(0.10 mol dm'3

) in 95/5 CH3CN/H2O

(0.01 mol dm'3

) in the supporting electrolyte. Scan rate 50 mV/s.

solvent, and (b) methyl-p-tolyl sulfide

As Figure 5.12 shows the methyl-p-tolyl sulfide (MPTS) is seen to be oxidised at a
potential around 1.4 V vs. Ag/AgCI, which can be changed by varying parameters such
as the supporting electrolyte and its concentration, the concentration of sulfide.

In order to investigate the optimum conditions for the electrochemical oxidation of
M P T S , its electrochemical behaviour was studied on a Pt electrode by cyclic
voltammetry, examining the influence of the following parameters on Ep and Ip:

a- concentration of supporting electrolyte

b- concentration of methyl-p-tolyl sulfide.
c- acetonitrile /H2O ratio.

All experiments were carried out in a three electrode cell with Pt, platinum gauze and
Ag/AgCI as the working , auxiliary and reference electrodes, respectively (10 ml of
solution).

As Table 5.1 shows, the oxidation potential of the methyl-p-tolyl sulfide is dependen
the concentration of supporting electrolyte. Increasing the concentration of supporting
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electrolyte causes the potential of oxidation and the current of the oxidation peak to
decrease. At high concentrations of supporting electrolyte some insoluble material settles
out. These conditions are also unsuitable because of the cost.
Table

5.1 Electrooxidation

concentrations

of TBATFB

of methyl p-tolyl sulfide on Pt with various
supporting

electrolyte (95/5%

CH3CN/H2O

solvent).

[TBATFB] (mol dm"3)

Ep(V)

Ip (\iA)

0.03

1.20

123

0.075

1.15

153

0.100

1.10

158

0.150

1.05

162

0.225

1.05

163

0.300

1.05

164

The influence of the concentration of M P T S substrate on E p and Ip is summerised in
Table 5.2. Increasing the concentration of the sulfide is seen to increase both Ep and Ip,
the organosulfide becomes more difficult to oxidise.
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Table 5.2. Influence of concentration of methyl p-tolyl sulfide (MPTS)
and Ep.

[MPTS] (mol dm"3)

Ep(V)

Ip OlA)

0.005

0.95

45

0.010

1.00

76

0.020

1.05

150

0.030

1.15

240

0.050

1.20

310

on Ip

The solvent also has a critical effect on the oxidation potential. The influence of the
C H 3 C N / H 2 O ratio has been studied by cyclic voltammetry, and Figure 5.13 shows the

influence of solvent on Ep and Ip. The oxidation potential of MPTS is seen in

3.13a to decrease with increasing water content in acetonitrile solvent. On th
hand, in Figure 5.13b, the current first increases with the increasing ratio
solvent, but then decreases with increasing water content. This is due to the

oxidation of MPTS with small amounts of water is more facile, but at higher ra
water in acetonitrile the MPTS becomes insoluble.
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Figure 5.13. (a)- Ep and (b)- Ip vs. the solvent CH3CN/% H2O rati
oxidation 0.01 mol dm'3 of MPTS.
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5.3.2.3. Electrochemical study of M P T S on a P A n . ( + ) - H C S A modified Pt
electrode.

5.3.2.3.1. Polymerisation technique

Deposition of the PAn. (-f)-HCSA film on the Pt electrode to be used as the wo
electrode was achieved by electrochemical polymerization in aqueous solution containing
0.2 mol d m " 3 aniline and 1 mol dm" 3 (+)-HCSA under dynamic potential conditions, by
sweeping the potential between - 0.2 and (+) 0.9 V (vs. Ag/AgCI) (scan rate of 20
mV/s).

5.3.2.3.2. Cyclic voltammograms of MPTS on PAn. (-f-)-HCSA modified
Pt electrode

Cyclic voltammetry studies were carried out on PAn. (+)-HCSA modified electrode
various thicknesses of polyaniline film in a solution of 5% H 2 O in C H 3 C N containing
T B A T F B (0.1 mol dm" 3 ) as supporting electrolyte. Figure 5.14 shows the cyclic
voltammograms obtained (a)- for a solution of 5 % H 2 O in C H 3 C N containing T B A T F B
(0.1 mol dm" 3 ) and (b)- after addition of 0.03 mol dm" 3 M P T S , on a PAn.(+)-HCSA
modified Pt electrode (polymer deposited via 15 cycles between -0.2 and 0.9 V vs.
Ag/AgCI).
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Figure 5.14. Cyclic voltammograms of (a)- solution of TBATFB (0.1 mol
in H2O CH3CN (5/95) and (b)- after addition of 0.03 mol dm'3 MPTS, on a
PAn.(+)-HCSA modified Pt electrode.

A similar experiment was carried out with a thinner film of polyaniline (deposited via 1
cycles), the corresponding cyclic voltammograms being shown in Figure. 5.15.
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Figure 5.15. Cyclic voltammogram of MPTS (0.03 mol dm'3) in 5% H20/95%
CH3CN

containing TBATFB (0.1 mol dm'3) on a PAn.(+)-HCSA modified

electrode (polymer deposited from 10 cycles).
Figure 5.14 and 5.15 show the oxidation and reduction of PAn.(+)-HCSA in acetonitrile
at regions 1 and 1', respectively. Increasing the thickness of the polymer film to higher
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potential due to the polymer becoming more resistive. These Figures also indicate that
the M P T S is oxidised on PAn.(+)-HCSA modified electrodes at region 2. The oxidation
of the organo sulfide was also found to be dependent on the polymer thickness on the
electrode surface. Increasing the film thickness causes increased resistance on the
electrode surface and the oxidation is shifted to higher potential.

5.3.2.3. Electrolysis of MPTS on PAn.(+)-HCSA modified Pt electrode

The electrolysis of MPTS was examined on an optically active PAn.(+)-HCSA modified
Pt electrode to determine whether asymmetric induction could be obtained in the oxidation
of the sulfide substrate to the corresponding sulfoxide.

The PAn.(+)-HCSA electrode was deposited on Pt (large surface area 25 cm2 ) or ITOcoated glass. The auxiliary electrode was R V C .

To determine whether the chiroptical properties of the PAn.(+)-HCSA film are affecte
by the conditions of the electrolysis, the polyaniline film w a s first deposited
potentiostatically on ITO-coated glass and it was then oxidised at 1.7 V vs. Ag/AgCI in
5 % H 2 0 / 9 5 % C H 3 C N containing T B A T F B (0.1 mol d m " 3 ) and (0.03 mol d m " 3 )
M P T S . The total charge passed was 100 m C c m " 2
Figures 5.16 shows the CD spectrum for the PAN.(+)-HCSA film electrode on ITOcoated glass after the above treatment. This C D spectrum is slightly different from the
C D spectra reported previously for PAn.(+)-HCSA films produced under similar
conditions (see Chapter 2, Chapter 2). This is probably due to partial oxidation of the
polymer in acetonitrile at 1.7 V. However, the minor changes indicated that the PAn.
(+)-HCSA electrode maintains chiral stability during electrolyses even with the
application of large positive potentials.
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Figure 5.16. Circular dichroism (CD) spectrum of a film of PAn.(+)-HCSA
ITO-coated glass after treatment at 1.7 V vs. Ag/AgCI
H20/95%

CH3CN

containing TBATFB

on

in a solution of 5%

(0.1 mol dm'3) and MPTS

(0.03 mol

dm'3).
The electrolysis of M P T S was initially studied at different potentials on a PAn.(+)-HCSA
modified Pt electrode (surface area 25 c m 2 ) . Product analysis (via lH N M R and mass
spectrometry) indicated that at low potentials less than 1.7 V, the chemical yield was very
low because of IR drop on the large surface area electrode. However, at higher potentials
the sulfoxide may be oxidised to the sulfone as shown in Scheme 5.3

O

o
~CH3

CH,
H 2 0 /- H+

\ /

S

CH3

II
O

Sulfoxide
Scheme

Sulfone

5.3. Oxidation of sulfoxide to sulfone

Controlled potential electrolysis was then carried out on a PAn. (+)-HCSA modi
electrode in a stirred blank solution of 9 5 % acetonitrile/5% water containing 0.03 mol
d m " 3 tetrabutyl ammonium tetrafluoroborate T B A T F B as supporting electrolyte. A
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constant potential of 1.7 V vs. Ag/AgCI was applied. The initial current was 60 m A ,
which was related to the concentration of supporting electrolyte. This current decreased
to 4 m A after 150 second (Figure 5.17 a).
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Figure 5.17a. Plot of electrolysis current vs time for controlled potential
electrolysis of supporting
acetonitrile / 5%

H2O)
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Figure 5.17b. Plot of electrolysis current vs. time for controlled potential
electrolysis of 0.03 mol

dm-'3

electrolytes (0.1 mol dm'3
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(+)-HCSA

p-methyl-tolyl sulfide in

supporting

in 95% acetonitrile / 5% H2O)

/Pt electrode. Eapp = l.V vs.Ag/AgCl

on a PAn.
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The constant potential electrolysis of M P T S was then carried out in the same supporting

electrolyte, the variation of reaction current with time being measured. The behaviou
observed during oxidation of the organosulfide at the PAn (+)-HCSA modified Pt

electrode is illustrated in Figure 5.17b. A typical experiment was carried out as fol

A solution of methyl-p-tolyl sulfide (0.03 mol dm-3) in 100 ml 5% H20/95% acetonitrile
containing 0.1 mol dm"3 TBATFB was prepared. Electrolysis was carried out at room
temperature in a three electrode cell using a 25 cm^ PAn (+)-HCSA modified Pt

electrode. A constant potential (1.7 V vs. Ag/AgCI) was applied at the current was 100

mA initially, which was related to the concentration of the MPTS; and electrolysis was
continued until a steady state was reached (approximately 5-6h) with a current of 4 m

5.3.2.4. Product analysis

After electrolysis, the product mixture was rotary evaporated to dryness. The resulti
material was extracted three times with 100 ml of diethyl ether, which was removed by
rotary evaporation, and the products dissolved in chloroform for analysis via H NMR
and CI mass spectra and optical rotation measurements.
Figures 5.18 and 5.19 show the lH NMR and CI mass spectra for the electrolysis

products. In addition, the rotation( a = 0.015) found for a solution of this product i
CHCI3 indicated an optical purity for the sulfoxide product of ca. 1%. Although low,

this is similar to the optical purity of this sulfoxide obtained by other works from t
oxidation of the MPTS substrate using composite chiral electrodes based on poly(Lvaline) polypyrrole/Pt [24].
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5.3.3. Transport across the polyaniline membrane
The electroactivity of conducting polymers and the incorporation and expulsion of
counterions during oxidation and reduction allows ion transport (see Chapter 2, 2.2.4.2).
Electrochemically controlled ion transport across conducting polymers has been reported
in s o m e recent papers [202, 203]. In the case of polyaniline, a chemically synthesised
polyaniline m e m b r a n e w a s studied [204] but there have been no reports of transport
across electrochemically synthesised polyaniline. Polyaniline is electroactive in the
potential range -0.2 to 0.9 V vs. Ag/AgCI. A s described in Chapter 2, cyclic
voltammetry and E Q C M indicated that w h e n the polymer is oxidised an anion is
incorporated, while upon reduction the anion is expelled as shown in eqn.5.4 below.

. 7 . o
oxidise

(5.4)

During polymer reduction, the counter anion is expelled into the supporting electrolyt
solution, and w h e n it is oxidised the counter anion is incorporated from the supporting
electrolyte. This property m a y be utilised for controlled transport. In the case of handed
polymers such as PAn.(+)- H C S A , the chirality of the membrane m a y cause differences
in transport across the membrane for the two enantiomers of anions such as CSA".

In order to investigate electrochemically controlled transport across chiral polyanili
membranes, optically active PAn.(+)- H C S A or PAn.(-)- H C S A was electrochemically
deposited on platinum-coated polyvinylidine fluoride or polysulfone membranes.
Polymer deposition was carried out in a two electrode cell in which polyvinylidine
fluoride and polysulfone (surface area 16 c m 2 ) coated platinum were used as the working
electrode and platinum gauze as the auxiliary electrode (Figure 5.20). The galvanostatic
technique was employed for the polymerization, with an applied current density of 0.5
m A c m - 2 in an aqueous solution containing 0.2 mol d m - 3 aniline and 1.0 mol d m " 3 (+)H C S A . This permitted control of the polymer thickness, via the polymerization time
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which was varied from 20 min to 10 hr. The poly aniline-coated membrane was dried and
then washed with distilled water before use.
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Figure 5.20. Electrochemical cell for chiral membrane

synthesis

Transport experiments were carried out using a three electrode cell designed in the IPRL
laboratories. (Figure 5.21). The PAn.(+)-HCSA membrane was used as the working,

platinum gauze as the auxiliary and Ag/AgCI as the reference electrodes, respectivel
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Pulse generator

Stainless steel
Figure 5.21 Electrochemical transport cell.
Preliminary work was concerned with the effect of different thicknesses of PAn.(+)HCSA membrane on the transport of (+)- or (-)- HCSA. It was found that with thin

films of polyaniline, transport of CSA" anion occurred with the diffusion. Increasing

time of polymer growth to more than 5 hr did not significantly effect the rate of tra
despite the increased thickness of the polymer film.
The transport of optically active (+)- or (-)- HCSA across a PAn.(+)-HCSA modified
platinum coated polysulfone membrane was then investigated, using 0.1 mol dm"3 (+)-

or (-)- HCSA as the source solution and deionised water as the receiving solution. For
the first 30 min no potential was applied, while from 30 to 120 min the potential was
pulsed between -0.15 V and 0.5 V vs. Ag/AgCI. This cycle was then repeated, i.e.
between 120 and 180 min no potential was applied. Samples were withdrawn from the
stirred receiving solution every 15 min and analysed by uv-visible spectroscopy.
The results in Figure 5. 22 reveal that some CSA- transport occurs even when no

potential is applied. However, transport increases considerably upon pulsing (t= 30 t
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120 min.).

Significantly, from the slope between 30 and

120 min, the chiral

discrimination of the membrane between (+)-and (-)-CSA" is seen to be ca. 40 %, with
transport of (+)- C S A " being favoured, ie. the same hand as the C S A " initially in the
polymer. Such chiral polyaniline membrane therefore may be have useful potential for
the separation of enantiomeric anions.
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Figure 5.22.Transport (a)-(+)-CSA~ and (b)-(-)-CSA' across a

PAn.(+)-HCSA

modified platinum polysulfone electrode. Source solution 0.1 mol dm'3 (+)or (-)-HCSA ; receiving solution deionised water ; pulse range + 0.5 to - 0.15
V vs. Ag/AgCI

; pulse width 50 s. Potential was applied between A and B.

Polymer film was grown for 5 hr.

5.4. CONCLUSIONS
The electrochemical behaviour of K3[Fe(CN)6] and AQSA on a polyaniline modified
glassy carbon electrode was found to be similar to that on an unmodified glassy carbon
electrode. However, the oxidation potential for A Q S A was shifted to more positive
potential on the polymer modified electrode.
The reduction of citraconic acid was observed by cyclic voltammetry experiment on both
glassy carbon and a PAn.(+)-HCSA modified glassy carbon electrode. However,
electrolysis of the citraconic acid substrate at cither of these electrodes carried out at a
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potential -1.0 V (vs. A g / A g C I ) did not yield significant amounts of the expected

methylsuccinic acid product. Failure to reduce the citraconic acid on a preparative sc
belived to be due to the polymer being reduced and becoming nonconductive.

Electrolysis of acetylpyridine was also carried out on both glassy carbon and PAn.(+)HCSA modified glassy carbon electrodes. In this case, product analysis confirmed that
the acetylpyridine is reduced on glassy carbon but not on the PAn.(+)- HCSA modified
electrode. This again may be due to the polyaniline electrode being reduced before the
acetylpyridine, and when the polymer is reduced it becomes more resistive.

The electrochemical behaviour of methyl-p-tolyl sulfide has been examined on glassy
carbon and an a PAn (+)- HCSA modified glassy carbon electrode in a 95/5 mixture of
acetonitrile and water. Electrolysis of the organosulfide was subsequently carried out
using a constant potential of 1.7 V vs. Ag/AgCI The optical rotation of the sulfoxide

product after extraction from the electrolyte indicated 1% optical purity, a very simi
result to that reported previously for the same substrate using more complex composite
chiral electrodes.
Electrochemical controlled transport studies on PAn.(+)-HCSA modified polysulfone and
polyvinylidine flouride coated-platinum membranes showed that transport of the CSA"
anion occurs when the potential was pulsed between - 0.15 and 0.5 V vs. Ag/AgCI.

Importantly, significant differences were found between the transport of the enantiome
forms of the CSA" anion with (+)-CSA_ being favoured. This indicates that these novel
polyaniline membranes exhibit chiral discrimination and may have potential for the
separation of chiral anions.

CHAPTER 6
ELECTROCHEMICAL SYNTHESIS,
CHARACTERISATION AND APPLICATION OF
POLYPYRROLE CAMPHORSULFONATE AND
RELATED POLYMERS.
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6.1. INTRODUCTION
Conducting polypyrrole (PPy) is one of a new class of electronic materials that has
attracted increasing interest since it was reported by Diaz et al. in 1979 [79] This
conducting polymer has the potential of combining the high conductivity normally
associated with metals and the processibility, corrosion resistance and low density of

organic polymers [205]. It has been investigated for use as battery materials [206, 207]
electrochromic displays [208] and sensors [209-211]. Films of polypyrrole can be
prepared by anodic electropolymerization of pyrrole in either non-aqueous [81] or
aqueous [212] media using a variety of electrochemical techniques, which include
potentiostatic or galvanostatic polymerization on suitable substrates.

The electropolymerization reaction occurs with electrochemical stoichiometry, with n
values in the range of 2-2.5 Faraday /mol. The oxidation of the pyrrole monomer

requires one electron /molecule, while the excess of charge corresponds to the reversib
oxidation or doping of the polymer. A schematic of the generally accepted mechanism

for electropolymerization of PPy is shown in Figure 6.1. The first electrochemical step
an electron transfer (E) in which the monomer in oxidized to its radical cation. Since

electron transfer is much faster than the diffusion of the monomer from the bulk soluti
it follows that a high concentration of radicals is continuously maintained near the

electrode surface. The second step involves the coupling (b) of two radicals to produce
dihydro dimer in a chemical process (c) involving the loss of two protons and rearomatisation.

165

O

-e

N

Cd>
N

H

H

(a)

H

O

(b)

N

I
H
H

HH

fid

9v£

H H

H
-e

/w
H

.Ov r

(c)

VNr> +2H+

|u
H

(d)

r
H

+ QH^Y^" +2H+
H

Figure 6.1 Mechanism

(0

H
of electropolymerization of pyrrole

The dimer is more easily oxidised (step c) than the monomer, and in its radical form

undergoes a further coupling (step d) with a monomeric radical. Electropolymerizati
then proceeds through successive electrochemical and chemical steps according to a

general E(CE)n scheme, until the oligomer becomes insoluble in the electrolytic med
and deposits onto the electrode surface.
It is widely accepted that the properties of polypyrrole such as electroactivity,

morphology, conductivity and mechanical behaviour are influenced by the polymerizat

conditions and the nature of the electrolyte solution, anion incorporated, solvent,
temperature and monomer concentration [213-216].

166

The generation of chiral polypyrroles has attracted considerable recent interest because of
the relationship of chirality to the structure of such polymers and also because chiral
polymers have potential applications in asymmetric electrosynthesis and separations
technology. A s mentioned in Chapter 1, studies to date on chiral polypyrroles have
generally involved the polymerisation of monomers in which a chiral substituent has been
attached to either the 3-position or the N-atom of the pyrrole ring. For example,
Delabouglise et al. [166] synthesised polypyrrole substituted in the 3-position with chiral
amino acid groups. Circular dichroism studies of these polymers indicated the generation
of helical polymers possessing a preponderance of one screw sense [166]. Also, for a
recently prepared polypyrrole N-substituted with a P-D-glucose derivative,
macromolecular asymmetry of the polymer backbone has been suggested [161]. A chiral
conducting polymer composite has also been prepared by the electrochemical
polymerisation of pyrrole in the presence of a chiral aromatic polyamide containing a
sulphonic acid group [167].

Such routes, requiring the presence of an optically active substituent covalently bound
the m o n o m e r substrate, are generally synthetically tedious and/or expensive and can
dramatically decrease the conductivity and electroactivity of the resultant polymer.

6.1.1 Aim of this chapter

In this Chapter an alternative route to optically active polypyrrole is explored, namel
electropolymerization of pyrrole in the presence of optically active anions such as (+)- or
(-)- camphorsulfonate ion or (-f)-bromocamphorsulfonate ion. T h e electrochemical
behaviour and also the conductivity and morphology of the resultant polymers are
examined. In addition, the electrochemical behaviour of materials such as K3[Fe(CN)6],
2, 6- anthraquinone disulphonic acid disodium salt ( A Q S A ) and citraconic acid on such
polymer deposited electrodes is investigated.
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6.2. E X P E R I M E N T A L
6.2.1. Materials

All reagents were Analytical Reagent (AR) grade purity. Pyrrole (Sigma, LR grade) w
distilled at atmospheric pressure, deoxygenated and stored in a freezer before use. Other
reagents were used as purchased without further purification. Deionised water
(Millipore) was employed through out this work. Solutions for polymer synthesis were
freshly prepared by mixing pyrrole monomer with the H C S A electrolyte solution just
prior to polymerization.

6.2.2. Instrumentation

Polypyrrole films were electrochemically deposited using a Princeton Applied Resear
( P A R ) Galvanostat /Potentiostat 363 and a C V - 2 7 .

Chronoamperograms and

chronopotentiograms of the polymerization were recorded using Chart v 3.2 software
with a Maclab.
High Performance Liquid Chromatography (HPLC) studies were performed by
employing a Waters Model 501. A p.-Bondapak C i 8 column was employed as the
stationary phase and a uv detector at 210 n m was used.
A Shimadzu 265 spectrophotomer was employed to record uv-visible spectra.

Film thicknesses were measured witii a digital micrometer (Mitutoyo) with a resolut

1 um.
6.2.2. Procedures

Electropolymerization of pyrrole (0.1 mol dm-3) in a 0.05 mol dm"3 aqueous solution o
(+)-or (-)- camphorsulfoic acid was conducted at room temprature in a single
compartment cell which included three electrodes (see Chapter 2). A glassy carbon (0.07
c m 2 ) or indium tin oxide-coaled glass, platinum gauze or reticulated vitreous carbon
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( R V C ) , and Ag/AgCI (3 mol d m - 3 NaCl ) were used as the working, auxiliary and

reference electrodes, respectively. Preparation of free standing films of the polypy
was carried out using stainless steel as the working electrode.

Electrolyses were carried out by the controlled potential technique. In this method,
electrochemical reaction is allowed to proceed to completion at an electrode whose

potential is held constant The electrochemical cell employed for the electrolyses ha

previously described (see Figure 5.1). This three electrode cell involved glassy car
(surface area 3-6 cm2), RVC and Ag/AgCI as the working, auxiliary and reference
electrodes, respectively.

6.3. RESULTS AND DISCUSSION
6.3.1. Polymer synthesis
6.3.1.1. Galvanostatic Growth

In this method polymer growth was achieved on various substrates using constant curr
conditions, with a current density between 0.25 and 2.5 mA / cm2. Figure 6.2 shows
typical chronopotentiograms for polypyrrole grown in the presence of (+)camphorsulfonic acid and bromocamphor sulfonate ammonium salt
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Figure 6.2. Chronopotentiograms obtained during electropolymerization on

glassy carbon for: (a) PPy.(+)-CSA and (b) PPy.BrCSA (0.07 cm2). Current
density 2 mA cm'2; initial solution containing 0.1 mol dm'3 pyrrole and 0.
mol dm'3 (+)-HCSA.

A n initial potential peak was observed with both anions, which was followed by a

constant potential. The sharp increase in potential at the beginning of t
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m a y arise from charging of the double layer of the electrode surface or from nucleation.

This peak potential is dependent on the capacitance of the electrode surface and th

polymer growth. It then decreased and polymer growth proceeded at constant potentia
indicating that the polymer produced is conductive.

6.3.1.2. Potentiostatic Growth

In this method a constant potential of between 0.65 and 0.90 V (vs. Ag/AgCI ) was
applied. Figure 6.3 shows the chronoamperogram obtained during polymer growth.
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6.3. Chronoamperogram

200

of PPy. (+)-HCSA

250

formation

300

on a glassy

carbon electrode at a potential of 0.75 V vs. Ag/AgCI.
As Figure 6.3 shows during polymer growth a steady current was produced, which

indicated that the polymer was conductive and resistance of the polymer was negligi

this polymerization period, since an increase of the resistance at the constant pot
could decrease the current.
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6.3.2. Effect of potential applied o n p o l y m e r

growth

The electropolymerization potential is one of the important parameters that affects

polymer formation. The effect of the electropolymerization potential on the rate

polymer deposition investigated. The polypyrrole film was typically prepared fro
aqueous solution of 0.10 mol dm-3 pyrrole in 0.05 mol dm"3 (-t-)-HCSA. Rate of

polymerization / deposition increased when the polymerization potential was rais
0.65 to 0.90 V (vs. Ag/AgCI) (Figure 6.4).
a, 0.65 V
b, 0.70 V
c, 0.75 V
d, 0.80 V
e, 0.85 V
f, 0.90 V
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Figure 6.4. Chronoamperograms

obtained for PPy.(+)-CSA

during polymer

growth at different applied potentials.

Figure 6.5 shows the relationship between the applied potential and charge for p
growth after 5 min.
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Figure 6.5. Charge v. potential applied for the growth of PPy.(+)-CSA.

Figure 6.5 indicates that at potentials less than 0.70 V the polymerization rate is very

slow. At potentials more positive than 0.7 V, the rate of reaction / deposition in
When the applied potential is raised from 0.60 to 0.90 V for the potentiostatic
polymerization, the charge increases from 0.5 to 51 mC. However, when the applied
potential is higher than 0.8 V over-oxidation may occur.

6.3.3. Electrochemical behaviour of new polymers.
PPy.(+)-CSA and PPy.(+)-BrCSA were readly synthesised galvanostatically from a
solution containing 0.10 mol dm"3 pyrrole and 0.05 mol dm"3 (+)-HCSA or (+)-Br-

HCSA. Cyclic voltammograms recorded after growth in various supporting electrolyte
such as HCSA, Br-HCSA, NH4CSA, NaCl, NaN03 and LiC104 are shown in Figures
6.6, 6.7 and 6.8.
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Figure 6.6. Cyclic votammograms of PPy.(+)-CSA in various supporting
electrolytes (0.1 mol dm'3). Initial polymer prepared galvanostatically (2m
cm~2, t = 3 min). Scan rate 50 mV/s.
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Figure 6.7. Cyclic voltammogram of PPy.(+)-CSA in a solution containing
0.1 mol dm'3 UCIO4. Initial polymer prepared using galvanostatic methods
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Figures 6.6- 6.8 reveal two oxidation and reduction regions (1 and 2) for these two
polymers, associated with the redox processes in eqn. 6.1. The shape of the oxidation
and reduction peaks in the regions 1 and 1' did not change much with the nature of the
supporting electrolyte. These peaks are associated with cation incorporation and
expulsion
0

red
+ M

=^=

ox

m

A' M

(6.1)

H

However, the responses observed in the region 2, 2', which are related to the anion
incorporation and expulsion, are influenced by the anions employed. Using large organic
anions such as C S A " resulted in small current responses in the regions 2,2', indicating
that anion incorporation and expulsion reactions were inhibited. This is probably due to
the small mobility of both the polymer counterion and the electrolyte anion. In this case
charge balance is achieved via cation incorporation and expulsion. W h e n small inorganic
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anions in solution were employed, large current responses in region 2,2' were observed
which m a y be due to anion incorporation and expulsion (Eq 6.2.)

red

+ A'

(6.2)

ox

6.3.4. Circular dichroism characterisation of films
Circular dichroism (CD) studies of the PPy.(+)-CSA and PPy.(-)-CSA films were
carried out using the instrument described in Chapter two. Figure 6.9 shows a typical
C D spectrum of the PPy.(+)-CSA polymer deposited on ITO-coated glass under
galvanostatic conditions using an applied current of 1 m A / c m 2 . The charge consumed
for polymer growth was between 30 and 120 m C cm"2.
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Figure 6.9. Circular dichroism spectrum of a PPy.(+)-CSA film deposited on
TTO- coated glass (charge consumed

75 mC

cm'2).

N o C D band was observed in the region between 300 and 800 nm. A band was
observed at ca. 300 nm, however, related to the incorporated (+)- C S A " anion. The
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absence of a visible region C D band suggests that the polymer backbone does not
possess an asymmetric (eg. helical) conformation, unlike the chiral PAn.(+)-HCSA
polymers described in earlier Chapters. However, the intense visible region absorption
of the polypyrrole.(+)- H C S A films meant that only thinfilmscould be employed for C D
spectral studies, and some weak optical activity m a y be undetected in the visible region.
C D measurement below 290 n m was prevented by the absorption of the ITO-coated glass
substrate.

6.3.5. Membrane synthesis and characterisation
PPy.HCSA membranes were electrochemically synthesised in a three electrode cell
containing 0.1 mol d m " 3 pyrrole and 0.05 mol d m " 3 (+)- or (-)- camphorsulfonic acid
( H C S A ) , with a stainless steel working electrode. The controlled current method was
used for the polymer growth (cun-ent density 2 m A cm" 2 ). After polymer deposition the
working electrode was removed from the cell and washed with distilled water. The
polymers were easily peeled from the electrode and conductivity, tensile properties and
the morphology of the free standingfilmswere investigated.

The thickness of the film deposited galvanostatically was linearly related to the dep
time (Figure 6.10). However, there was only a small change in the film conductivity
with the film thickness. For example, it was found that the conductivity of a PPy.(-f)C S A film (measured by the four point probe method) decreased only slightly from 17 to
14 S cm"l w h e n the thickness increased from 14 to 50 \±m. The conductivity of the
PPy.(+)-CSA film is comparable to thatreported[217] for PPy.BSA (benzensulfonate).
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Figure 6.10. Variation of PPy.(+)-CSA film thickness with polymerization
time in aqueous solution containing 0.1 mol dm'3 pyrrole and 0.05 mol
(+)-HCSA~
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6.3.5.1. Mechanical properties and morphology of PPy.CSA films

Tensile strength measurments for the PPy.CSA polymers (deposition current dens
m A c m - 2 ) gave values between 45 and 55 M P a . The values for the tensile strengh
indicated that PPy.CSA is quite strong and is comparable with PPy.PTS (p-toluene
sulfonate) which has a tensile strength between 60 -65 M P a for polymer growth using the
same conditions.
The morphology of PPy.(+)- CSA films also was obtained by scanning electron
microscopy ( S E M ) on Pt, glassy carbon and free-standing membranes
Figure 6.11 shows that for films deposited on glassy carbon and Pt, irregular
nodules are present on the top of the background surface. It was found that the size and
number of the irregularly shaped nodules on the membrane solution side was reduced
(Figure 6.12). The plate side of the polymer had a morphology similar to PPy.PTS.
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(b)

Figure 6.11. Scanning electron micrographs (SEM) of PPy.(+)CSA prepar
galvanostatically on (a)-Pt and (b)- glassy carbon electrodes..
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(a)

(b)
Figure 6.12. Scanning electron micrographs (SEM) of PPy.(+)-CSA (a) freestanding film prepared galvanostatically on stainless steel solution side and
(b) plate side.
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6.3.6. Electrochemical studies of K 3 [ F e ( C N ) 6 L

AQSA

and

citraconic acid on PPy.(+)-CSA-coated electrodes.
6.3.6.1. Electrochemical reduction of K3[Fe(CN)6].

Preliminary electrochemical studies on the PPy.(+)- CSA electrode were carried out u
K3[Fe(CN)6] as the electroactive material. Cyclic voltammetry was used to examine the
electrochemical reduction of K3[Fe(CN)6l on both glassy carbon alone and on PPy.(+)C S A deposited on glassy carbon (Figure 6.13). The PPy.(+)-CSA was deposited under
galvanostic conditions (2 m A / c m 2 ) on glassy carbon electrode from a solution of 0.1 mol
d m " 3 pyrrole and 0.05 mol d m " 2 (+)-HCSA.

Comparing Figure 13(a), (b) and (c) indicated that the oxidation and reduction peaks
the K3[Fe(CN)6] were observed on the PPy.(+)-CSA modified glassy carbon electrode
(peaks labelled 2 and 2', respectively), corresponding to the redox reaction in eqn. 6.3.

[Fe(CN)6]3- + e_ =^=^ [Fe(CN)6]4" (63)
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Figure 6.13. Cyclic voltammograms of a)-PPy.(+)-HCSA in 0.1 mol dm'
NaN03 as supporting electrolyte; b)- K3[Fe(CN)^] (0.01 mol dm'3) on a
glassy carbon electrode in 0.1 mol dnr3 NaN03; c)- K3[Fe(CN)^], (0.01

dm~3) on a PPy.(+)-CSA glassy carbon electrode in 0.1 mol dm-3 NaN03
Scan rate 50 mV/s.
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6.3.6.2 Electrolysis of K 3 [ F e ( C N ) 6 ]

Electrolysis of K3[Fe(CN)6l (0.01 mol dm"3) was earned out on a PPy.(+)-CSA/gla

carbon electrode while maintaining the potential of the large (6 cm2) electrode
6.14) at-0.4 V vs. Ag/AgCI.
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Figure 6.14. Schematic representation of the glassy carbon electrode
deposited with PPy.(+)-CSA used as the working electrode during
electrolysis.

Analysis of the electrolysis products was performed via uv-visible spectroscopy
employing the significant differences in the absorption spectra of K3[Fe(CN)6]

K4[Fe(CN)6]. Figures 6.15 shows that the K3[Fe(CN)6] exhibits a distinctive int
absorption band at 420 nm as well as a band at 260 nm. On the other hand,
K4[Fe(CN)6] shows only an intense uv-visible absoiption band at 260.
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Figure 6.15. Uv-visible spectra of 6.67x10'4 mol dm'3 solutions of (a)
K3[Fe(CN)6] and (b) 6.67xl0'4 mol dm'3 K4[Fe(CN)6]

During electrolysis the current decreased with time, as shown in Figure 6.16 a
6.3, which summarises the chronoamperograms and uv-visible spectral changes with the
time. The uv-visible changes are shown in Figure 6.17.

Figure 6.17 confirm a decrease in the concentration of K3[Fe(CN)6] during elec
(decrease in the absorption band at 420 n m ) and an increase in the concentration of
K4[Fe(CN)6] (increase in the 260 n m band). Current efficiency for the electrolysis of
K3[Fe(CN)6] was calculated to be 16.33% as follows :
Q, calculated from Figure 6.16 = 78.80 C
Q = nFM
78.80 = 1x 96500
M = 8.17 x IO"4

x

M

1

[Fe(CN)6]"3 = 0.005 M
Current efficency = 8.17

x

IO"4/0.005 xi00= 16.33%

Table 6.3 Current and absorbance changes during electrolysis ofK3[Fe(CN)6].

Time (min.)
0
20
45
120
160
300
620
940
1060

Current (mA)
7.0
2.8
2.0
1.1
1.0
0.7
0.5
0.3
0.1

Abs (420 nm)* Abs (260 nm)+
0.68
0.90
0.62
1.12
0.48
1.21
0.42
1.35
0.40
1.42
|
0.32
1.53
1.67
0.25
1.72
0.15
0.10
1.73

* Amax for K3[Fe(CN)6].
+ Amax far K4[Fe(CN)6].
D

8-j
i

6<
£
4c
<x>
3
O

01 1 1 • 1 1—I '—I—'—1° • I
0
200

400

600

800

1000

1200

Time (minute)

Figure 6.16. Plot of current vs. time during electrolysis of 0.005 mol dm'
K3[Fe(CN)6] in 0.1 mol dm'3 ) NaN03 as the supporting electrolyte on a
PPy.(+)-CSA deposited glassy carbon electrode.
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Figure 6.17. Absorbances at 420 nm and 260 nm vs.time during electrolys

of 0.005 mol dm'3 K3[Fe(CN)<s] in NaN03 (0.1 mol dm'3) as the supportin
electrolyte.

6.3.6.3. Electrochemical reduction of 2,6-anthraquinone disulphonic aci
disodium salt (AQSA).

Similar electrochemical studies were carried out o n the disodium salt of 2,6anthraquinone disulphonic acid (AQSA) on glassy carbon and glassy carbon modified
electrodes. The AQSA is electroactive, involving the redox process in eqn. 6.4. Cyclic
voltammograms was performed using 0.1 mol dm-3 NaN03 as supporting electrolyte
and a 0.01 mol dm"3 solution of AQSA.

O OH

U
^

+e

S03

S03

S03" Na

-i-e

S03

-e

S03
(6.4)

186

The cyclic voltammograms in Figure 6.18 show oxidation and reduction peaks in the
regions labelled 1, and 1" with the AQSA substrate.
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Figure 6.18. Cyclic voltammograms of a)-PPy.(+)-HCSA in 0.1 mol dm
NaN03 as supporting electrolyte; b)- AQSA (0.01 mol dm'3) on a glas
carbon electrode in 0.1 mol dm-3 NaN03;

c)- AQSA (0.01 mol dm'3) on

PPy.(+)- CSA glassy carbon electrode in 0.1 mol dm'3 NaN03r
mV/s.

Scan rate
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6.3.6.4. Electrolysis of A Q S A
Electrolysis of 0.01 mol dm"3 AQSA in NaN03 was carried out on a PPy.(+)-CSA
modified electrode using the controlled potential technique at -1.0 V vs. A g / A g C I .
Current vs. time data indicated that the electrochemical reaction occurred on the electrode
surface. However, analysis of electrolysis solution showed no significant decrease in the
absorbance of the A Q S A at 326 n m ie. no appreciable reduction occurred. Thisresultis
similar to that observed in Chapter 5 for an analogous electrolysis at a PAn.(+)-HCSA
modified electrode.

6.3.6.5. Electroreduction of citraconic acid.

Electrochemical synthesis in many cases is dependent on the electrode material, i.e. t
electrode material can affect the nature of the reaction and the products. Conducting
polymers can form the base of new modified electrode materials which have been used by
s o m e researchers for oxidation and reduction processes [218, 219]. O n e recent
application is the use of chiral polymers such as poly (amino acid)-coated on suitable
electrodes for asymmetric electrosyntheses. For example, Nonaka et al. [24] have
achieved significant asymmetric induction in the electroreduction of citraconic acid on
poly(amino acid)-coated electrodes.
Although promising, the above electrodes are composite materials involving tedious
synthetic fabrication, and it would be an advantage if a chiral conducting polymer
(incorporating both the required chiral and conductive properties) could be used as the
electrode in such asymmetric syntheses. Chiral conducting polymers have not yet been
successfully used for such asymmetric electrochemical syntheses. However, some
studies on chiral discrimination by these materials have been reported [160, 161]. Also
PPy. has been used as the electrode in the oxidation and reduction of non chiral-materials
[220].
In present work, chiral conducting polypyrrole has been prepared on glassy carbon,
incorporating die chiral counterion (+)-CSA~, and its use as the working electrode in the
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electroreduction of citraconic acid as the prochiral substtate examined. Citraconic acid is

known to undergo reduction at other electrodes such as Pt to give methylsuccinic acid
containing a chiral carbon center as shown in eqn. 6.5 below.
H
CH3—

c

-COOH
II
H—C-COOH

— C -COOH
|
H—C—COOH

CH3

+2H

+

+2e"

^

(6.5)

I
H
Citraconic acid Methylsuccinic acid
Cyclic voltammograms for citraconic acid (0.045 mol dm"3) on glassy carbon and
PPy.(+)-CSA deposited glassy carbon electrodes in phosphate buffer supporting

electrolyte are shown in Figure 6.19. (PPy.(-f)- CSA was deposited under galvanostatic
conditions with current density 2 mA cm"2 for the 2 minute.} These cyclic

voltammograms exhibit one irreversible peak (region 2) around - 1.0 V vs. Ag/AgCI for

the reduction of citraconic acid. The peaks observed in the regions 1,1' are associat
with the redox behaviours of the PPy.(+)-CSA electrode.

200

-200

Figure 6.19. Cyclic voltammograms of :(a)- Citraconic acid (0.045 mol dmr3)
on glassy carbon in phosphate buffer;(b)- PPy.(+)-CSA deposited on glassy
carbon using galvanostatic conditions (current density 2 mA
phosphate buffer;(c)- PPy.(+)-CSA

cm'2) in

on glassy carbon in phosphate buffer

containing 0.045 mol dmr3 citraconic acid . Scan rate 50 mV/s.
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6.3.6.6. Electrolysis of citraconic acid

Electrolysis of aqueous citraconic acid (0.15 mol dm"3) was also carried out on PPy.(+)
CSA deposited on a glassy carbon electrode using a controlled potential of -1.0 V vs.
Ag/AgCI. After 4 hours electrolysis, the product was analysed. The experiment was
repeated in H20/EtOH solvent and also with different pH of phosphate buffer solutions.

Electrolysis times from 2 to 10 hours, and different concentrations of citraconic acid

investigated. The effect of polymer thickness, potential applied and stirring were als
considered.

6.3.6.7. Product analysis
Two methods were used for the analysis of the products from these electrolyses
(i) Uv-visible spectroscopy and HPLC measurements on the product solution, and

(ii) initial isolation of the products, followed by ^H NMR and mass spectral examinati
The uv-visible spectra of the citraconic acid substrate and its reduction product
methylsuccinic acid are shown in Figure 6.20. Citraconic acid has an absorption
maximum around 220 nm while A-max for methylsuccinic acid is near 200 nm. In

addition, the absorbance by citraconic acid is almost 100 times more intense than that
methylsuccinic acid. The intensity of the absorption of the product solution at 220 nm

can therefore be used to determine the ratio of methylsuccnic acid and unreacted citra
acid present.
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6.20. (a) Uv-visible spectra of (i) citraconic acid (O.OOOl mol
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and (b) HPLC

citraconic acid(i) and 125 ppm

dm'3)'

responses for a

methylsuccinic acid(ii).

Another method which was able to separately analyse citraconic and methylsuccinic aci
was H P L C . This experiment was carried out using the following H P L C conditions :
eluent H 3 P O 4 (0.1 mol d m " 3 ) , flow rate 1 ml/min and detection at a wavelength of 210
nm. A s Figure 6.20 (b) shows, the H P L C responses for a mixture of 1 p p m citraconic
acid and 125 p p m methylsuccinic acid give retention times of 4.4 and 6.3 min
respectively, for these two species.

Because of the marked differences in the sensitivity (factor of ca. 100) it is diffic
observe the methylsuccinic acid product in the presence of unreacted citraconic acid.
However, one can readily monitor the decrease in the citraconic acid H P L C signal as it is
reduced to methylsuccinic acid.

In the other method described in the literature [23], the solution after electrolysis
acidified with aqueous sulfuric acid and filtered. The filtered solution was then extracted
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repeatedly with diethyl ether. The ether solution was rotary evaporated to dryness and

benzene added to initiate crystallisation, which yielded an oily solid after two weeks
the fridge. This product was then examined by XH NMR and mass spectrometry.

Using either method, no reduction product was found after the above electrolyses. This
is persumbly due to polymer resistance at -1.00 V. In attempts to solve the resistance
problem, a similar experiment was carried using a pulsed potential waveform between
+0.5 and -1.0 V vs. Ag/AgCI. Unfortunately, again, no products could be identified.

6.4. CONCLUSIONS
Chiral conducting polypyrrole has been synthesised in the presence of (-i-)-or (-)camphorsulfonic acid or (+)-bromo camphorsulfonate ion using constant potential,
constant current and dynamic potential techniques for the polymer growth.

Electrochemical characterisation of the PPy.(-t-)- CSA films was carried out using cycl
voltammetry. Different behaviour was found in different supporting electrolytes.
Circular dichroism studies of the PPy.(+)- CSA and PPy.(-)- CSA films revealed no CD
for the polymers in the visible region between 300 and 800 nm. The polymer backbone
does not therefore appear to possess significant asymmeuy.
Electrical conductivity studies on the PPy.(+)-CSA polymer using the four-point probe
technique gave conductivities between 14-18 S cm"1, comparable to those of other
polypyrrole salts.
These new PPy. CSA polymers were also found to have mechanical strength (45-55
MPa) comparable to other polypyrroles such as PPy. PTS.
Morphology studies of PPy.(+)-CSA films on different substrates such as Pt, GC, and
stainless steel, indicated that the polymer generally has a globular surface.
The electrochemical behaviour of K3[Fe(CN)6] and 2,6-anthraquinone disulphonic acid
disodium salt (AQSA) were studied on PPy. (+)-CSA deposited on glassy carbon
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electrodes using cyclic voltammetry. T h e electrolysis of K 3 [ F e ( C N ) 6 ] was also
successfully carried out on this polymer modified electrode. Cyclic voltammograms and
chronoamperograms obtained during electrolysis and product analysis confirmed that
these materials can be reduced on such electrodes.
The electrochemical reduction of citraconic acid was also examined on a PPy.(+)-CSA

/glassy carbon electrode. Electrolysis of citraconic acid was attempted using controll
potential and pulsed applied potential methods under various conditions. However,

analysis of the products indicated that the citraconic acid was not reduced on the ele
surface. This may be due to polymer becoming more resistive when it was reduced.

CHAPTER 7
GENERAL CONCLUSIONS
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A s a contribution to the field of chiral conducting polymers, w e have developed in this

thesis remarkably facile routes to optically active polyaniline and substituted deriv

The novel optically active emeraldine salts PAn.(+)-HCSA and PAn.(-)-HCSA could be

electrochemically synthesised on various substrates such as glassy carbon and platinu

electrodes, or on ITO-coated glass for uv-visible and circular dichroism studies. Fil

dark green emeraldine salts doped with (+)- or (-)- camphorsulfonic acid were found t
have intense and mirror-imaged CD spectra. This was rationalised in terms of
enantioselective electropolymerization in which one screw sense of the polymer helix

preferentially produced depending upon the hand of the chiral CSA" anion incorporated

Redox and chemical dedoping and redoping of PAn.(+)-HCSA films did not significantly
affect the CD spectra, suggesting that the asymmetric conformation of the polymer
backbone is retained when the (+)-CSA" anion is replaced by either Cl" or (-)-CSA".

The influence of different parameters such as method for polymer growth and potential
applied for polymer growth and charge consumed on CD spectra have been studied. It
was found that there were no significant differences between the polymerization
techniques and also, CD was increased with increasing charge for polymer growth.

These optically active emeraldine salts can also be readily generated chemically in s
by the enantioselective acid doping of neutral emeraldine base (EB) with either (+)HCSA in various solvents such as NMP, DMSO, DMF and CHCI3. Interestingly, no
CD bands were found for emeraldine base doped with (+)-HCSA in m-cresol and

methanol suggesting that these strongly hydrogen bonding solvents displace the chiral
CSA" anion required to maintain a preferred one-screw-sense helix in the polymer
backbone.
Dark green films of the optically active polyaniline salts PAn.(+)-HCSA and PAn.(-)-

HCSA could be obtained by casting onto glass from the above doped solution in various
solvents such as NMP, DMF, DMSO and CHCI3.
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A n alternative route to such films was via the initial preparation of free standingfilmsof
emeraldine base obtained by casting from NMP solvent, and then doping with (+)HCSA. The electrical conductivity and tensile strength of the PAn.(+)- HCSA free
standing films so produced were found to be comparable to other PAn.HA films
previously reported.

Optically active polytoluidines could also be chemically synthesised in solution via t

acid doping of neutral polytoluidine base with either (+)- or (-)- camphorsulfonic aci
solvents such as DMSO and DMF. Although the acidic doping itself occurred rapidly

(within a few minutes), the development of the CD spectra in such solvents took several

hours, indicating that the process giving rise to chiral induction in the polytoluidine

chains occurs after the initial acid doping. Interestingly, no optical activity was ge
even after 6 hours when polytoluidine was doped with (+)-HCSA in NMP solvent,
confirming significant solvent effects on the chiral induction.
Polytoluidine films could not be grown on ITO-coated glass because of their poor
adherence.

Generation of optically active polyaniline with tartaric acid taking overnight to deve
is, substantially slower than polyaniline.
Chiral polypyrrole salts were also electrochemically synthesised incorporating (+)camphorsulfonate or (+)-bromocamphorsulfonate as the chiral counterions. Cyclic
voltammograms for the PPy.(+)-CSA salt in different supporting electrolytes revealed
different behaviours. However, no CD bands were observed in the visible region
between 300-800 nm for the polymer PPy.(+)-CSA.
Free standing films of PPy.(+)-CSA were also prepared on stainless steel and the

electrical conductivity of these films was found to be similar to PPy.BSA, and the ten
strength of PPy.CSA is comparable with PPy.PTS.
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Electrochemical studies of K 3 [ F e ( C N ) 6 ] and 2, 6- anthraquinone disulfonic acid
disodium salt on both PPy.(+-CSA and PAn.(+)-HCSA deposited electrodes showed
that standard redox chemistry could be studied on such modified electrodes. The
electrolysis of K3[Fe(CN)6] was also successfully carried out on a PPy.(+)-CSA
deposited electrode.

Cyclic voltammograms showed that citraconic acid could be reduced on both
PPy.(+)-CSA and PAn.(+)-HCSA modified glassy carbon electrodes. However,

electrolysis of citraconic acid at these electrodes using controlled potential and puls

applied potential gave no electrolysis products. This is believed to be due to the incr
resistance of the polymer at the potential employed.
However, the electrolytic oxidation of methyl p-tolylsulfide could be carried out on a
PAn.(+)-HCSA modified glassy carbon electrode using the controlled potential
technique. Chronoamperograms during electrolysis and *NMR and mass spectra of the

electrolysis solution indicated that the organosulfide was oxidized to the correspondin
sulfoxide. Only very small chiral induction occurred, since the optical rotation of
sulfoxide product after extraction indicated 1% optical purity.

In preliminary electrochemically controlled anion transport studies, membranes prepared
by depositing PAn.(+)-HCSA on polysulfone or polyvinylidine fluoride were found to
exhibit significant differences for the transport of the enantiomeric forms of the CSA"
anion.

While the studies in this thesis have established facile routes to optically active pol
salts and the chiroptical, electrical and mechanical properties have been established,

limited studies of their applications have so far been earned out. Future studies in thi
area would include further fundamental studies aimed at understanding the origin of the
optical activity and exploring the applications of these novel materials. Such studies
could include:
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N e w m o n o m e r s such as appropriately ring-substituted anilines, eg. alkylaniline,
dialkylanilines, alkoxyanilines and halogenoaniline could be electrochemically
polymerized with (-f)-HCSA as the dopant anion to determine the steric and electronic
influence of aniline substituents.

Other optically active counterions such as aspartate, glutamate and other chiral sulfon
ions should be incorporated into conducting polyaniline to investigate the influence of the
anion structure on the chiral induction in the polymer formed.
For optically active absorption bands that arise from interchain interactions, a strong
concentration dependence might be anticipated. Further evidence as to whether ordered
aggregates of polyaniline chains are present in such solutions could be sought from low
angle laser scattering experiments.
In-situ electrochemical CD spectroscopy could be used to study the influence of the
potential on the chiroptical properties of polymer films deposited on ITO-coated glass or
of solution generated via our acid doped technique.
Electrochemical asymmetric synthesis could be studied using sterically demanding
organosulfides such as isopropyl phenyl sulfide and cyclohexyl phenyl sulfide, which
would be expected to gives higher chiral induction.
More detailed chiral transport studies should also be carried out with PAn.(+)-HCSA
membranes using not only enantiomeric C S A " ions but also other chiral anions such as
amino acid anions.
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